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FROM THE SOVIET PUBLISHER

The gamma emission of a radioactive fallout determines, to a consider-
able extent, the radiation hazard of the fallout. Thus gamma-emission
studies will indicate the cohtamination of an area. This book discusses
the production of radioactive fallout as a result of a nuclear explosion and
gives the characteristics of the gamma-emitting products, taking into
account fractionation of the fission products.

The gamma field in the air over a plane isotropic source is calculated;
the dose rates, intensities, and spectral-angular distributions of the
gamma emission in the air above artificial models of contaminated areas
are given, for primary emitter energies from 0.32 to 1.68 Mev. The
influence of actual conditions (roughness of terrain, ground which is not
air-equivalent, presence of vegetation, weather conditions) on the gamma-
emission field is shown. And finally, some methodological questions related
to air surveys of the gamma emission of a contaminated area are discussed.

This book should be of interest to physicists, engineers, geophysicists,
and doctors studying the propagation of nuclear-explosion products, radio-
active fallout, and the harmful effects of fallout. Some of the data may
prove to be useful in geophysical surveying, for accurate calculations of
the radioactive -fallout background. The book includes 28 tables, 223 biblio-
graphic references, and 71 figures.



PREFACE

The radioactive fallout caused by nuclear explosions or by industrial
radioactive emanations (for example, in case of an accident) has drawn the
attention of many investigators, because of the danger to public health
prese’fgced by such fallout. The Moscow Agreement forbidding the testing
of nucléar weapons in the atmosphere, in outer space, and underwater (1963)
resulted in a sharp decrease in the intensity of radioactive fallout, but did
not reduce this intensity to zero.

Fallout of radioactive products creates fields of nuclear radiation. The
most dangerous of these fields is the gamma-emission field, which requires
especially careful study. Such studies give us information on the gamma-
ray emitters and on their distribution. The results of such investigations
enable us to get an idea of the propagation of radioactive products and of
the conditions under which the products form, and thus give direct infor-
mation on the source of contamination. Consequently, it is possible to
work out a scheme for predicting radioactive fallout and the radiation fields
which'accompany it.

In both Soviet and non-Soviet literature monographs have been published
which discuss the propagation and fallout of radioactive products /1—3/,
radioactive pollution of the environment /4/, and shelter from radioactive
fallout /5,6/. The gamma emission accompanying an atomic blast is
considered by Leipunskii in /7/, and data from studies of a nuclear
explosion are also included in monograph /8/. Finally, a great deal of
work has been done on the propagation of gamma radiation in matter (for
instance, see /9, 10/).

However, the information on the gamma emission of radioactive fallout
which is available in the literature (in periodicals from different fields of
study) is only fragmentary although some data are given in the above-
mentioned monograph by Leipunskii.

In the present work an attempt will be made to consider in detail various
questions related to the gamma emission of radicactive fallout. Data on
the gamma emission of the radioactive products formed during nuclear
explosions will be presented; the gamma-emission field in the fallout region
will be analyzed; the effects of natural conditions on this field will be
considered; and the study of radioactive contamination on the basis of
measurements of the gamma-emission characteristics will be discussed.
The instruments and methods used to measure the gamma emission will not
be described, since very complete studies both of dosimetry /11, 12/ and of
spectrometry /13 —15/ exist. Also, the biological consequences of
exposure to gamma radiation will not be considered in this monograph.

Chapter I gives the basic characteristics of the radioactive products
appearing after nuclear explosions, both due to the fission itself and as a



result of activation of elements of the environment by neutrons from the
explosion. The main physicochemical processes occurring after the
explosion are discussed, as well as the propagation of the products and
their fallout in the region. Data from observations of the gamma emission
of fallout products are cited.

In Chapter II gamma-emission fields in the air over idealized sources
are described; the sources simulate regions contaminated by fallout.
Results of measurements of the dose rate, and of the intensity and spectral-
angular distripution of gamma emission in the air over sections of the
region, are given. These sections were contaminated artificially with
crd!, Sb'*, and Co®®isotopes ( £=0.32, 0.60, 1.17, 1.33, and 1.69 Mev).

The gamma-emission field in the air over a contaminated locality is
described in Chapter III, and the effects on this field of actual cases of a
solid underlying surface (ground), microrelief, vegetation cover, and
weather conditions are indicated. Results of calculations and simulation
experiments are presented. InSections 14 and 15 of Chapter IIT we consider how
to determine the basic characteristics of the contamination of a region
(contamination density, isotopic composition, dose rate at earth's surface)
from measurements of the gamma-field parameters made at a distance
(for example, from an aircraft). Correction factors taking into account
the effects of different conditions are given, as well as the instrument
errors during measurement. The data of these two sections may be used
in air surveys of the gamma emission from regions contaminated by
radioactive isotopes.

The main subject of the book is the gamma emission of the radioactive
fallout resulting from nuclear explosions. However, most of the conclusions
and physical data pertain as well to the contamination caused by industrial
radioactive emanations.

It is to be hoped that this book will be of use to physicists, engineers,
geophysicists, and doctors studying the propagation of nuclear-explosion
products and radioactive industrial emanations, and that it will be of aid
in studies of the harmful effects of these, of the penetrating power of
the fallout gamma emission, and of the corresponding means of radiation
protection. Certain of the data may be of interest to specialists in the
physics of radiation protection, and also to geophysicists seeking a correct
evaluation of the background of radioactive fallout.

Sections 2,3,5—9 and 12 —14 were written by Yu. A.Izrael', and
Sections 4, 10, and 15 and the Appendix were written by E. D. Stukin.
Sections 1 and 11 were written jointly by the two authors. The authors
wish to thank Prof.O.I. Leipunskii, A.F. Yakovlev, and A.S. Volkov for
reading through the manuscript and offering valuable remarks, and they
also wish to thank L. V. Gerasimova and G. S. Chirkova for their assistance
in preparing the manuscript for printing.
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Chapter I

PRODUCTION OF RADIOACTIVE FALLOUT

1. Characteristics of radioactive products of a
nuclear explosion

Radioactive fallout is caused by the deposition of radioactive products
from the atmosphere onto the earth's surface. Nuclear explosions are the
most important source of radioactive pollution of the atmosphere.

Nuclear explosions are based on nuclear reactions. There are differen-
ces between the explosions of atomic bombs, thermonuclear bombs, and
bombs characterized by successive 'fission-fusion-fission' reactions
/16—17/. An atomic bomb /17, 18/ involves a chain fission reaction in
heavy fissionable nuclei (such as U or Puzas). The first atomic bombs
{the so-called nominal bombs) possessed the power of 20 kilotons (kt) of
trinitrotoluene (TNT), that is, they released energies equivalent to that
released by the explosion of 20,000 tons of TNT. The application of various
techniques makes it possible to vary the power of an atomic bomb consider-
ably. The strengths of the atomic bombs set off prior to 1963 varied from
0.001 kt to hundreds of kt of TNT /19—22/.

When a 1-kt atomic bomb goes off, 1.45-10% fission events take place
and an energy of 4.19-10% ergs is released /7,8/. During each fission
event an average of 2.5 (for U23) or 3.0 (for Pu®®®) neutrons are liberated;
the average energy of these neutrons is about 2.0 Mev and their most
probable energy is 0.8 Mev /23/. In addition, about 20 more Mev are
released, of which 7.2 to 8.4 Mev are in the form of instantaneous gamma
emission /7,8/ and about 13 Mev are in the form of beta and gamma
emission of the fission products /8, 24/.

In a thermonuclear or hydrogen bomb /18, 25 —27/ the fusion of light
nuclei is utilized to liberate a large amount of energy. The following
reaction between deuterium and tritium was used in the thermonuclear
explosion set off by the USA in November 1952 /28/:

HB + H2 -» Het + n + 17.6 Mev. (1)

In this reaction a neutron carries off an energy of about 14 Mev.

However, if reaction (1) is used, the problem arises of how to obtain a
mixture density high enough to ensure an effective thermonuclear reaction.
High rates of the fusion reaction will require a high initial temperature
(more than 10 million degrees Celsius) /26, 27/. The explosion of an
ordinary atomic bomb is used as a ''trigger' to create the initial tempera-
ture required for a thermonuclear bomb. Therefore, the explosion of a
thermonuclear bomb follows a ''fission-fusion' pattern.




When lithium deuteride Li®D /18, 28/ is used as the fuel, an important
role in the development of the thermonuclear process may be played by
nuclear reaction gLi® (n, T%); He*, in which the tritium taking part in the
subsequent reaction is formed. For example, in certain thermonuclear
devices detonated by the Americans in spring 1954, this reaction was used
and it was unnecessary to introduce tritium from outside /28/.

The reactions taking place in atomic and thermonuclear bombs are
self-sustaining, and, once they have begun, will continue without any input
of energy or neutrons from outside (provided the quantitz of material is
sufficient). In some fissionable heavy elements, like U8 and Th232, it is
impossible to obtain a self-sustaining reaction, since for these elements
the capture sections for neutrons possessing energies of the fission
spectrum are small, in comparison with the scattering cross section, while
the threshold of the fission reaction is too high. Moreover, for neutron
energies of the order ¢f 1 Mev, (n, y) reactions take place concurrently with
the fission, and these have cross sections comparable to the section for the
fission reaction. However, these elements fission comparatively'easily,
under the influence of fast neutrons entering from outside (fission threshold
of UP* = 1 Mev /28 —30/). :

The inclusion of U®®in the envelope of a thermonuclear bomb enhances
its effects considerably, since the surplus neutrons are then used to split
the U®%, An explosive device consisting of a thermonuclear bomb (with an
atomic trigger) encased in a U8 envelope is known as a 'fission-fusion-
fission'' bomb. The possibility of using this scheme for a bomb was first
mentioned in 1955 /31—35/. In such a bomb about 80% of all the energy
released comes from the fission of U?® by fast neutrons /31/.

The power of a thermonuclear bomb or a ''fission-fusion-fission'' bomb
may vary over a wide range: from hundreds of thousands to tens of
millions of tons of TNT /20—22/. Only two long-lived radioactive isotopes
are produced during thermonuclear reactions: H® and, possibly, Be7/18,
36 —38/. Tritium, large quantities of which are produced in a thertnonu-
clear explosion, is not a gamma emitter, and the cutoff of its beta spectrum
is 18 kev. Therefore, the biological hazard of tritium is not great, although
so far it has been insufficiently studied.

Consequently, regardless of the ratio between the total energy of the
explosion and the energy released by the atomic trigger, the products of
the fission of heavy nuclei play the main role in the radioactive contami-
nation of the atmosphere and the locality. The only exceptions are
explosions of very ''clean' bombs near the earth or underground, when
isotopes produced by neutron activation of elements of the ground material
(rocks) may make a substantial contribution to the gamma-ray actixity
/39 —41/. '

The characteristics of a mixture of fission products from heavy nuclei
will be considered in detail below. As a rule, two massive fragments and
an average of 2.5 to 3.0 neutrons are produced when a heavy nucleus
fissions /23/. For example

22UB 4 onl > Ke% 4 (Ba'® 4+ 3 a1 - 202 Mev. (2)

The fragments which are produced are in general unstable and, .before
reaching a stable state, each of them undergoes an average of three



successive beta transformations (the average number of beta decays for
the two primary fragments is 5.4 /16/). For example, the fragments
produced as a result of reaction (2) follow the following pattern of beta
decay:

36K 7% 31RD™: T 5681 | TThings Y 226 min g0 Z 1% (Stab-)5

Ba'3%; hins; La'® (stab.). (3)

In all, more than 100 unstable primary isotopes are produced during fission,
having half-lives from fractions of a second to many years.

The probability that a given nucleus or nuclear chain will be created dur-
ing a fission event is known as the fission-product yield. In accordance with
the terminology adopted in /30/, let us differentiate between the independent
and cumulative yields of fragment isotopes. The independent yield of a
given isotope is the probability that it will be formed directly in the fission
process. The cumulative yield is the sum of the independent yields of the
isotope in question and of all its predecessors along the chain which produce
this isotope when they decay.

The cumulative yield of the last member of a radioactive chain is usually
called the total yield of the given chain, since it indicates the probability
that a fragment with the corresponding atomic number will be produced.

The curve showing the total yields of the fission products as a function of
atomic number is a familiar distribution curve having two maxima (double-
humped curve). The curve has this shape because, during fission, frag-
ments with atomic weight near 95 and 139 are the most probable, while the
probability of a symmetrical splitting is low.

It has been shown /29, 30, 42/ that a fission process may produce three
fragments rather than two, but a double cleavage is 500 to 1000 times more
likely than a triple one. The most common third fragment, by the way, is
an a particle.

While considering the rules governing the fission of heavy nuclei, we
should mention that with an increase in the mass of the fissionable nucleus
the peak of the curve showing the distribution of light fragments shifts
monotonically toward higher masses. For fissionable nuclei from thorium
to plutonium, however, the distribution peak for heavy fragments shows
practically no shift /29,43/. This is because there is a maximum of heavy
fragments of nuclei with a magic number of neutrons or protons on the left
side of the distribution curve /29, 43/.

Another important rule is that the probability of a symmetrical fission
rises sharply with an increase in the energy of the neutrons bombarding the
fissionable isotope. For example, the yield of a mass chain with an atomic
weight of 111, when U?* is bombarded with 14-Mev neutrons, increases by
a factor of more than 15, in comparison with bombardment by fission
neutrons. In this case, the mass distributions of the light and heavy frag-
ments become wider /43/.

Quite comprehensivé data on the yields of different isotopes, for fission
of heavy nuclei by neutrons with various energies, have been collected in
/30/, which combines the results of studies made between 1939 and 1962.

The first description of the change with time in the composition of a
mixture of fission products was that of Way and Wigner /44/. -They



represented the time change in mixture activity by the empirical
formula

Aty = Ag—", (4)

where A, and A(f) are the activities of the mixture of products at times
t=1 and ¢, respectively. Coefficient » in formula (4) may vary somewhat
with time, its average value being nx 1.2.

On the basis of known fission yields and decay schemes for various
isotopes, it was possible to compute the decasy rate for a mixture of
products of instantaneous fission of U233, U23 , and Pu239, as well as the
activity of each radioactive isotope /45 —48/. The mixture of fission
products was taken to be the sum of the individual fission products; the
contribution of the conversion electrons was not taken into account.

In /45, 46/ data on the time variation in the activity of individual isotopes
were presented in graphical form, which is not always convenient for use.
Reference /49/ gives the activities of individual isotopes for ages from
1hourto 100years for five kinds of fission (U,:fis‘r , UM pu? | U% | and

s
Pfice

). These data are tabulated in units of disintegrations per minute

’ o
n fiss M fisc

for 1¢* fissions.

Our tables were compiled using the data of /47, 48/ on the isotope yields
during fission, and the decay chains were borrowed from /50/. More
accurate half-lives (1962) for individual isotopes were also used for the
calculations. Table 1 shows the beta activity of all the fragments together
as a function of mixture age, calculated using data from the tables in /49/.
The fragment mixture which should be produced in an explosion (fission of
U?» and Pu®® by fission-spectrum neutrons) equivalent to 1 kt is considered.
The accuracy of the results in this table depends mainly on the reliability
of the data used for the calculations.

Table 2 shows a comparison between the cumulative yields given in /48/
and data published after 1958 in journals /30/. The discrepancies between
the two sets of data are also given in the table, in percent. It follows from
Table 2 that for the fission of U'iss the new data for the isotopes making

ther

the main contribution to the activity of a fragment mixture at least two days
old are in good agreement with the values taken in /48/. However, for the
reactions Uznaé and Pu"’n39 the deviation from the data in /48/ is greater,

fiss, fiss

and for some isotopes the yields differ by a factor of two. Assuming that
the data in /30/ are more reliable, it is to be expected that the time
dependence of the beta activity of a mixture of fragment [fission] products,
and also the absolute number of beta decays for a specified number of
fissions, may differ from the data in Table 1 by 10 to 20%, or by even more
than this for some mixture ages and fission types.

The time variation of the mixture composition, for the products of fission
of U? by thermal neutrons (U2® ), according to the data of /40—42, 44/,

ther |

shows a good fit with the experimental data. For U?®  the deviation of

 ther

theoretical values from experimental values, obtained in laboratory



measurements of the activity of a mixture of fission products during the
course of a year /51/, did not exceed 20 to 30%.

TABLE 1. Beta and gamma activities of fission products, as functions of time elapsed after 1=kt explosion

Beta activity, disint/sec Gamma activity, Mev/sec
Mixture age 235 239 upss 235 Puzd? 239

g Un fiss Pup fiss fiss Un fiss fiss Puy fiss

749/ 149/ /present work/ 748/ / present work/ 748/
1 hr 1.6-10t 1.47-10%w 1.73-10t¢ 1.65-10w 1.46-101 1.44-101
2 hr 6.6-1018 5.92-1018 6.94-1018 7.72-10t8 5.93.10'8 6.62-10'8
5 hr 2.23-108 1.93-10 1.77-1018 2.03-108 1.44-1018 1.7-1018
10 hr 1.09-1018 1.0.1018 6.96-10V° 7.6-107 5.95-1017 6.88.1017
1 day 4.16-1077 4.2-1017 2.38-1077 2.53-1017 2.21-10"7 2.45-1017
2 days 1.73-1017 1.93-107 9.31.10® 9.7-1018 9.49-10!6 1.02-10v7
5 6.14-101 7.42-10% 3.25.101 3.12-1016 3.91-101 3.65-1016
10 3.05-101 3.24-10:8 1.65-10' 1.56-1018 1.74-101¢ 1.7.101

20 " 1.49.1018 1.43.10% 7.65-10' — 7.33.10t% —
30 " 9.44-10" 8.72-101s 4.65-101 4.45-10% 4.32.101 4.14-1015

70 " 3.65-1018 3.26-10' 1.42-10% — 1.3-101s —_
100 " — — — 8.97.101 — 8.05.1014

150 " 1.46-1018 1.39.101s 5.41.101 — 4.84-104 —
1 year 3.24-101 4.33-1014 6.87-1013 6.38-1013 7.68.10'3 7.22.101

1.5 years 1.72.101 2.65.10M 1.65-1013 — 2.97.1013 —

27w 1.16-1014 1.83-104 7.8-1012 - 1.83.1013 —
3 " 6.6-101° 9.9-1013 4.85.1082 5.18.1012 1.04.1013 1.05-1013

5 " 3.22-101% 3.65-10' 4.57.1012 — 5.05.1012 —
10 " 1.65.1013 1.25.1013 2.85-1012 3.09-1012 2.9.1012 3.14.1012

15 " 1.27-1013 9.27-1012 2.52.1012 —_ 2.49-1012 —
30 8.33-1012 5.79.10% 1.77-1012 1.84.1012 1.76-1012 1.82.1012

It is a good deal more complicated to calculate the gamma emission
of a mixture of fission products from an explosion. Aside from the reasons
given above, the fact that not enough is known about the decay schemes
introduces new errors. The gamma-emission characteristics for 125
isotopes /49/ are given in the Appendix. The reliability of the data cited
for each individual isotope is also considered. These data for the gamma
emission of isotopes, together with data from /49/ on the beta activity of
fission products during different time intervals after an explosion, were
used to calculate the integral characteristics of a mixture of fission
products as gamma emitters.

Figure 1, and also Table 1, show the calculated dependence of the gamma-
emission intensity on time (mixture age), for a mixture of the accumulated
products of a kiloton atomic explosion. Two types of fission are considered:
Uiafs and Puznaf . A comparison of the curves shows that for mixture ages
from 1 hour to 1 year the gamma-emission intensities for the two types of
fussion differ by less than 20%. For ages of around 2 years, however, the
two sets of data differ by more than twice as much. This is explained by
the considerable difference between the Ru'’® yields for the two types of
fission considered. The deviation between two curves may turn out to be
less if the Ru'® fission yields given in /30/ are taken into account (see
Table 2).




TABLE 2, Comparison of cumulative yiclds of certain fragment isotopes (experimental data)

235 235 239
U"lhcr U"f,;; Punfm
Isotope
Discrep~ Discrep- Discrep=
48 30
/481 180/ ancy,* % a8 ‘ 130 ancy,* % 148 / / ancy,* %
Sr#e 4.79 4.79 <2 4.15 4.440.4 20 1.44 | 1.840.2 25
4.8 5.610.4
Syoe 5.74 5.77 <2 4.38 570 i 2.23 2.2 <2
5.9
Zr# 6.4 6.2 <? 6.72 5.85.40.55 <2 5.12 5.6 6.5
6.4 7.730.6 5.3+0.5
Zr? 6.2 gg 2.4 6.51 6.5510.70 <2 5.05 572
Mo 6.1 6.06 <2 | 6.1 6.1 <2 5.73 5,9 <2
: 6.1 5.910.4 5.540.4
.1410.16 6.430.4 5.930.6
60
Ruto 2.9 3.0 <2 3.97 3.7540.55 13 6.25 | 6.0407 6.4
2.9 3.250.6 Factor 5.741.0
Rutos 0.38 0.38 <2 0.47 1.19%0.14 6.17 | 4.830.6 2
0.7140.12 | of2 4.610.8
Rhtos 0.9 0.9 <2 1.02 1.4530.15 42 4.68 = —
Pdoe 0.028 g.ggo 3,6 0.11 07146 32 1.65 1.9 15
.028
Pduz 0.011 0.010 <2 0.043 0.041 5 0.17 0.14 18
0.011 0.035 +0.007
Agt 0.018 0.019 <2 0.06 0.031310.002 | 23 0.48 | 0.5540.06 | 4.2
0.018 0.071 0.4530,03
Cdusm 0.0009 |  0.0007 22 0.0043 0.0022 Factor | 0.0066 - —
0.00071 of 2
Cdtts 0.0091 {  0.0097 12 0.041 | 0.0304.10.006 27 0.066 0.069 23
0.011 0.02230.002 0.094+0.01
0.0098 0.038 0.098: 0. 008
0.067
Tetzsm 0.22 0.35 55 0.19 0.554£0.06 | Factor | 0.43 |0.45.0.09| 4.7
0.34 of 2.9
Tela2 4.37 4.7 4.1 4.44 5.3540.50 20 6.32 3.541.0 45
4.4
Cs13? 6.15 5.9 2.3 6.18 6.8710.17 6.5 6.14 6.6 13
6.81 6.3 7.4540.20
6.15 6.8
Batto 6.33 6.32 <2 5.79 5.040.4 5 4.95 5.410.5 3
6.3 6.030.5 5.0
6.35 4.9:0.4
Celtt 6.0 6.0 <2 5.29 6140.6 15 4.65 - —_
6.0
Celts 5.39 6.0 11 4.76 5.33 7.8 3.66 — —
6.1 5.1
6.0 5.0
Ndw? 2.38 2.7 9.2 3.24 2.5 26 2.52 — —
2.6 2.4
2.6 2.3
Pm 1.13 1.3 15 1.17 1.3 5 1.88 — -
1.3
1.1
Sm!s3 0.15 0.15 <2 0.14 0.18 36 0.48 0.48 <2
0.14 0.19
0.21
Eutss 0.013 0.014 <2 0.013 0.023 85 0.08 - —
0.013 0,023
0.025

Mean discrepancies are given,



As the Appendix shows, for 31 of the 125 isotopes so little is known
about the decay schemes that the absolute quantum yields cannot be deter-
mined. This pertains mainly to short-lived isotopes. Consequently, for
small mixture ages these isotopes may make a substantial contribution to
the total intensity, whereas for a 24-hour-old mixture their contribution
will be less than 4%, provided the sum of the isotopes with unknown decay
schemes is assumed to have the same mean energies and average quantum
yield as the sum of the isotopes with known decay schemes.
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FIGURE 1, Gamma-emission intensity of sum of fission products of
kiloton atomic explosion as function of time (mixture age) for two

types of fission (Uzss and Puz?’ ).
" fiss fiss

The sections of the curves in Figure 1 for ages from 1 to 24 hours were
constructed on the basis of these assumptions. It should be noted that for
the Puzf9 mixture the contribution of these isotopes to the intensity at an

fiss

age of 1 hour amounts to about 40% of the total intensity.



If we assume that the gamma-emission intensity diminishes according
to some power law analogous to the law describing the decrease in total
beta activity, then this variation can be represented by the formula

w (%) )

and, taking To=1 hour, we can find exponent n for different ages. Table 3
lists some values for » for the two types of fission considered.

TABLE 3. Values of exponent # in formula (5) for different ages of mixture of fission products for Pu®®and U™

Age Puz,j’gﬁss Uf,”ﬁ“ Age Pu’f‘,‘-’““ Uz,’?“ss
2 hr 1,31 1,32 5 days 1,24 1,31
5 hr 1.43 1,43 20 days 1.23 1,25
10 hr 1,39 1,40 70 days 1.26 1.27
1 day 1.32 1,35 150 days 1,26 1,27
1 year 1,34 1.37

For the sake of the subsequent discussion, it will be convenient to
evaluate the contribution (to the total activity) of the long-lived radioactive
isotopes of the inert gases and the products of their decay. Table 4 shows
this contribution in percent of the total beta activity of the mixture, for
the Puz,,sz__ reaction.

TABLE 4,
Age 1hr 2 hr 5 hr 10 hr lday | 2days| 5days |10 days | 20 days] 30 days
Contribution, % 14 13 11 14 11 12 11 13 8 3,5

Because of the significant contribution of the volatile component,
exponent n in formula (5) may have values somewhat different from those
shown in Table 3, at least for fission products with ages up to 20 days.
The ratio between the volatile and bound components of the iodine isotopes
(134, 1'%, ', and 1131 may affect the value of exponent n.

On the basis of the tables in /49/ and the Appendix, we calculated the
numerical intensity of gamma-ray quanta, as a time function expressed in
quanta per second per kt of fission (Table 5). This function can be
described by a law almost identical to that for the energy intensity:

N T \n
Y (o
N, ( T) : (6)
The value of the exponent in formulas (4) through (6) depends slightly
on whether we consider the time variation of the total beta activity or the

time variation of the numerical and energetic gamma-emission intensities
of the mixture of fission products.



TABLE 5. Numerical gamma-emission intensity for mixture of fragment isotopes, as function of mixture
age, quanta/(sec-kt)

Mixture age sz’ﬁss uzg"’ms Mixture age sz,sﬁss Puz,a,gﬁs‘
1hr 1.9.10% 1.7.10% 70 days 2,23-10% 2,16-10%
2 hr 7.83.108 6.93-10'8 150 days 8.22-10% 7.75.-104
5 hr 2.05-1018 1.82-10'8 1 year 1,1-10% 1,29.10%

10 hr 9,36-10" 8.81.10% 1,5 years 3,4.101% 5.71.10'
1 day 4,08.107 4,05-10% 2 years 1.87.10% 3.69-10%
2 days 1.83-10V 1.97-107 3 years 1,06-10% 2.08.101%
5 days 6.7.10% 8.3.10% 5 years 7.87.10' 9.15.10'

10 days 3,01-10% 3,37.10% 10 years 4,39.10 4,58-10'2

20 days 1.2-10% 1,22.10% 15 years 3.82.10' 3,82-10'?

30 days 6,94-10% 6.81.10' 30 years 2,68-10" 2,66-10%

For the calculations we often also have to know such quantities as the
average energy E,, of the gamma-ray quanta (in Mev per quantum), the
average quantum yield v(gamma-ray quanta per disintegration), and the
average gamma-emission yield (Mev per disintegration), all corresponding
to the sum of the fragments of a given age. Figure 2 shows the first two
of these as functions of mixture age, for two types of fission: Uz,fi:ss (solid

curves) and Puzf? | (dashed curves). For mixtures of all ages the data
158

were calculated taking into account only those isotopes whose decay
schemes were known (see Appendix).
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It is evident from Figure 2 that the average gamma-emission energy of
a fragment mixture does not exceed 0.9 Mev (the maximum value of 0.9 Mev
is attained about 2 hours after fission). Minimum values of the energy
(about 0.4 Mev) are attained at ages of 2 to 5 days and 2 to 3 years. The
time-variation curves of the average energy for the two types of fission do
not on the whole differ significantly from one another.



The average quantum yield of the mixture varies over a quite wide
range as the mixture ages: whereas this yield is about 1.25 for T=1 hour,
for agesuptoaround 2years itis of the order of 0.2 quantum/disintegration,

In addition to the integral characteristics for a mixture of fission
products, we also computed the differential gamma-emission spectra (the
so-called line spectra) for the fission of U%*® by 14-Mev neutrons. The
range of mixture ages studied was from 2 days to 1 year.

The choice of the UfﬁMev fission reaction was dictated by the fact that
for neutron energies of 14 Mev the probability of a symmetrical fission is
sharply increased. Consequently, the isotopes whose lines miay appear in
the line spectra for the U2 ., reaction will not show up in the spectra
for other fission reactions.

All the spectra which were calculated are shown in Figures 3 through 6.
Two energy ranges were considered: from 0 to 400kev (second range, ''soft
radiation) and from 0 to 2000kev (first range, "hard" radiation). These
ranges correspond approximately to the energies at which it is convenient to
study the spectra of the fission products experimentally. In plotting
Figures 3 through 6, the energies of the gamma-emission lines were round-
ed off to the nearest kev in the second range and to the nearest 5 kev in the

first range.
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The integral characteristics of a mixture of fission products and the
differential gamma-emission spectra were calculated in /45—48, 52—54/.
The most complete of such data are those givenin /47, 48/. While comparing
the results of those studies with the calculations made in the present
section, it should be kept in mind that /48/ was published back in 1960;
thus the data used in it for the fission-product yields, half-lives, and
isot'ope decay schemes were published before the middle of 1958 and are
frequently unreliable. In addition to the results of our calculations, Table 1
also included the gamma-emission intensities (gamma activities) obtained
in /48/ for a mixture of fission products. In view of the good fit between
these results, it is to be assumed that a further improvement of the data for
the half-lives and isotope decay schemes will not alter significantly the
figures given in Table 1.
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FIGURE 6. Line spectrum of gamma emission for mix-
ture of fission products 1 year old, in energy ranges from
0 to 2000 kev (a) and 0 to 400 kev (b).

So far we have considered only the fission products of a nuclear
explosion. However, an explosion (especially a thermonuclear one) may
generate a considerable amount of activity as a result of interactions of
neutrons with nuclei of the environment and with the structural elements
of the bomb itself. Here the amount of activity created depends on the
number of neutrons generated, the composition of the environment, the
structural material of the bomb, and also the energy range and spatial
distribution of the neutrons.



The various isotopes of the activity induced by the neutron flux can be
divided into three groups: 1) isotopes produced by the action of the neutrons
of the explosion on the elements of the charge itself; 2) isotopes produced
by the action of neutrons on the structural elements of the bomb; 3)iso-
topes produced by the interaction between neutrons leaving the bomb
envelope and elements of the environment (air, water, earth, etc.).

The most important isotopes in the first group are Np?® (7., = 2.3 days)
and U (T.,=6.7 days) /55, 56/. Isotope Np?¥  which has an average
gamma-emission energy of about 0.14 Mev, is formed in the reaction

U (n, 1) U®*(no reaction threshold); (7)
U® > Np®° + B~ (8)

Isotope U%7 which has anaverage gamma-emission energy of about 0.1 Mev,is
formed when U238is bombarded with strictly high-energy neutrons,inthe reaction

U8 (n, 2n) US? (9)

{reaction threshold about 5.9 Mev /57/).

We see from reactions (7) through (9) that a necessary condition for the
presence of Np2% and U?% in the explosion products is the presence of a
certain amount of U238 in the charge. Therefore, when an atomic bomb
containing U2% (with an admixture of U?%8) explodes, a certain amount of
Np?3® may be produced, but the isotope U appears in negligible quantities
only, due to the high reaction threshold of (9). When a thermonuclear
bomb explodes, considerably more neutrons per unit energy are released
than in the case of an atomic bomb /17, 23/; accordingly, more activity is
induced by the neutron flux as well. For such bombs elements with higher
atomic numbers may appear, due to the action of the intense neutron flux
on the fissionable materials in the bomb /58 —60/. However, if U2 is
added to the envelope of a thermonuclear bomb to enhance the force of the
explosion, forming a "fission-fusion-fission' bomb, isotopes Np%9 and
U237 will be produced in very substantial quantities /55, 56/. For example,
the Np?® content (in terms of activity) of the radioactive products of such a
bomb, 3 or 4 days after the explosion, may amount to 50 to 685% of the total
activity /56, 61/.

The presence of considerable amounts of radioactive isotope U?3 in the
explosion products is an unambiguous indication that a thermonuclear
reaction took place, since this isotope is formed from U238 in a reaction
having a threshold of about 5.9 Mev. The presence of U237 in the explosion
products was first pointed out in /62, 63/. These studies described the
results of a radiochemical and radiometric analysis of the particles which
fell upon certain Japanese fishing boats (the so-called ""Bikini ashes' ) after
the "Bravo' explosion at Bikini Atoll on 1 March 1954,

Due to the presence of a considerable number of radioactive isotopes
Np?3® and U2¥ in the debris of a "fission-fusion-fission'' bomb, the charac-
teristics of the explosion products in this case differ significantly from
those of a mixture of fission fragments for the U2n3:]e reaction.

A small amount of isotope U%40 is also produced during the explosion of
a "fission-fusion-fission" bomb /48, 64/, when U?3 nuclei manage to pick
up two neutrons. Minute amounts of the transuranic elements Es®5 and
Fm?% are also formed /58—60/. In this case a U?3 nucleus must capture
17 neutrons.
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According to available data /19—22/, all the powerful bombs set off
before 1958 were bombs which operated on the "fission-fusion-fission"
principle. During this period not a single explosion of a ''clean’" thermo-
nuclear bomb of high power was reported. Different data give the following
ratios of the fission-product yields for ''fission-fusion-fission" bombs and
atomic bombs (per unit of power). 0.5 /65/; 0.66 /56/; 0.8 /16/.

The total power of all the nuclear-weapon tests in the world during the
period from 1945 through 1958 amounted to about 170 Mt /23, 65/ (of this,
about 92 Mt came from fission explosions). Therefore, the yield ratio for
the explosions during these years may be assumed to be approximately 0.5.
The total power of the nuclear weapons tests from 1959 through 1962 was
510 Mt, of which fission reactions accounted for 190 Mt; thus, for this
period the above-indicated coefficient dropped to about 0.37 /21, 22/,

The activity induced by interactions between neutrons and the structural
elements of a bomb (second group of induced-activity isotopes) may be
relatively great. Moreover, it is clear that the spectrum of the neutrons
inside the bomb will be quite hard, especially for a thermonuclear explosion.
Consequently, {( n, 2n) reactions, which have a comparatively high threshold,
make a significant contribution to the neutron interaction.

Considerable material has been collected on those isotopes of the induced
activity which may belong to the second group. Some of these isotopes are:
Co® /60—"72/; Co®", Cod /70/; FeS® /41, 735/; ¥eS5 /79/; Mn54 /40, 41, 68,
74—178/;Zn% /68, 72/ Y% J40/; W', WL, w7, Re'® /39, 40, 80, 82, 83/, and
two isomers of Rh1%? /40, 76, 81, 84, 85/. In the "Hardtack' series of
American tests, isotopes of tungsten and rhodium were produced as a
result of activation of elements especially included in the bomb envelope;
these isotopes were used to differentiate between the products of individual
explosions. There have also been reports of the use of isotopes Sb!'?4,
Cd!®, and Cd!'3m as "tracers" [86—89/.

The isotopes of the third group are produced by interactions between
neutrons leaving the bomb envelope and elements of the environment. The
latter elements may be: air, for atmospheric explosions; water, for
underwater and above-water explosions; the structural elements of the
tower, for tower explosions; and ground material, for explosions near,
on, and under the earth.

As a rule, a slight amount of induced activity is produced when the
neutrons interact with air atoms. One or two hours after the explosion this
activity amounts to less than one percent of the total fragment activity
(the short-lived isotope A4l and a small amount of long-lived Cl4) /23, 386,
90—94/.

The large amount of activity induced during explosions near the earth or
water can be attributed {o interactions between neutrons and the elements
of the underlying surface (ground or water). Calculations /7, 41, 95/ show
that the following elements play a substantial role in creating this induced
activity: aluminum, silicon, sodium, manganese, iron, and cobalt (in the
ground); and chlorine, sodium, magnesium, and bromine (in sea water).

The activity induced in the material of the underlying surface,
o(t)disintegrations/(sec-cm3), at a time ¢ after the exposure, is given by
the relation

a(t) = pll 1212 10N, e, (10)
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and the gamma activity (amount of gamma emission in Mev/(sec- cm?)) is
given by the relation
o, (£) = pTIEE 10=*0; Nio, E e/ .
0

aj=J

(10a)

Here p is the density of the material of the underlying surface in g/cm?,
O is the flux of slow neutrons at the activation point for the entire expo-
sure time (in neutrons/cm?), «; is the jth-isotope portion of a mixture of
isotopes of the ith element, N; is the number of atoms of the ith element in
a gram of material of the underlying surface, o,; is the microscopic
activation cross section for the jth isotope (in barns), i, is the decay
constant of the isotope produced during activation of the jth isotope
(in sec™!), and E; is the total gamma-emission energy of the decay of a
radioactive isotope produced as a result of activation of the jth isotope of
the ith element (in Mev/disintegration).

Let us designate as f the specific activity per gram of underlying-sur-
face material exposed to unit neutron flux (neutron/ cm?) at a time ¢; fis
measured in (disintegration/sec'g)). Analogously, F is the specific
gamma activity {amount of energy emitted in the form of gamma radiation
by one gram of material exposed to unit neutron flux), measured in
Mev/(sec.g). Let us calculate:

3 () o, ()
f(t)= oli 5 F(t): vpn

Figure 7 shows the curves of f(f) and F({) for ground of average
composition for 0,03 <¢< 500 hr. The time variations of the activities of
individual isotopes contributing most to the total specific activity f (for
ground) are also plotted. As the figure shows, the induced activity of the
ground (gamma activity) is determined mainly by the following radioactive
isotopes:

A1%8 — from 0 to 15 min;
Mn36 and Na2¢ — from 15 min to 200 hr;
Feb — after 300 hr.

From 100 to 300 days after the explosion, radioactive isotope Co® begins
to make a significant contribution to the induced activity /40, 41/,

Since the chemical content may vary from soil type to soil type, the
specific activity f and gamma activity F induced in the material constituting
the underlying surface may differ from the values plotted in Figure 7.

Table 6 lists the chemical compositions of the most common types of soil
(in percent by weight for dry soil) /96/.

The second part of Table 6 lists the calculated correction factors k:(?)

for the curves in Figure 7, for various soils and for 3 time intervals. Here,

[A0)
k() =11
=10

where [;({) corresponds to the ith type of soil and f,,(¢) is the average
composition of the earth's crust.

* Here, average composition refers to soil composition averaged over the surface layer of the entire earth /96/,
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TABLE 6, Correction factors for determining induced activity in various types of soils

Content, % Correction factors
Soil type — —
si Al Fe Na 0 .15 10— 200] »200

min hr hr
Chernozem &, vwivs v nnnnnn. 20,7 8.37 3.16 0.58 1,12 0.22 0.75
Podzolic, .. .vivvnennnnn.. 32,5 7.93 2.16 1,90 1,06 0,8 0.52
Highly podzolized loamy ,....... 36.1 4,19 1,93 1.26 0,6 0,53 0,48
Desert=steppe sierozem, , ., ...... 27,9 5.92 3.64 1.86 0.8 0,717 0.87
Dark chestnut brown ., ... ..0.... 30.8 7.88 3.06 0.83 1.06 0,35 0.73
DIt ZONC 4 b v v s e v asnsenss 32,0 6.90 2,2 1.3 0,93 0,54 0.52
Tundra , ..o ie i i, - 1.30 - 2.0 0.18 0.84 -
Average composition of earth's crust , 26.0 7,45 4,2 2.4 1.0 1.0 1.0

As the table shows, the specific activity (or gamma activity ) does not
vary much from soil type to soil type: by a factor of no more than 1.5 to
2.0, on the average. Other isotopes may also appear for certain soils:
Ca* (for an explosion on a coral atoll), S35 /62/, etc., but such cases are
not typical. Fallout samples and air samples collected in the atmospheric
layer near the earth indicate that induced activity is present, Aside from
isotopes Co®, Fe’%, and Fe%, which belong to the third group of induced-
activity isotopes, the following have also been reported: Sc /40, 69, 72/,
Na2* /39/, Cs13¢, Euls?, and Eulst /68/. These may also be placed in the
third group.

It should be mentioned that only a small part of the neutrons absorbed
by the ground go to activate the ground elements. This part is determined
by the ratio of the sum of the effective activation cross sections to the sum
of the effective capture cross sections for neutrons in soil. For the
average composition of elements in the earth's crust (dry soil) this ratio
is about 0.15 /7/; with an increase in moisture content this ratio will
decrease.

The salinity of seawater is practically the same everywhere in the
world; in'the open ocean it is about 35g per kg of water /97/. Thus the
content of the most important ions is comparatively uniform. For example,
lkg of seawater includes: 10.7g of Na‘t, 1.3g of Mg®", and 19.3g of C1°.
Consequently, C138 (for up to about 2 hours) and Na24 should contribute
most to the induced activity after an explosion at sea.

2. Fallout of nuclear-explosion products in a region

A nuclear explosion results in the liberation of an enormous amount of
energy, over a short time interval and within a limited volume. For
instance, the energy density of the radiation from a nuclear explosion may
be as much as 10! erg/cm3 /8§/.
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FIGURE 7, Time variation of induced activity of ground
exposed to unit neutron flux,

At the same time, temperatures of several million degrees and
pressures of hundreds of thousands of atmospheres are developed (for a
blast of nominal strength), so that the debris of the bomb becomes vaporized
(and the fission fragments as well). In an atmospheric explosion the air
adjacent to the blast point becomes greatly heated, producing a brightly
luminous fireball having an approximately uniform temperature distribution
throughout /18/ . Due to the intense radiation and dispersion of matter,
the fireball begins to grow larger. Adiabatic expansion and the consequent
drawing in of air from the surroundings into the outer layers of the ball
produce a continual reduction of the fireball temperature. However, the
effective temperature of the luminous (that is, visible) surface, after
dropping to about 2000°K (the temperature at the surface of a shock wave
moving away from the isothermal ball), then begins to increase once
again. This happens because the shock-wave front cools and becomes
transparent to the radiation of the isothermal ball /8/. - The temperature
of the visible outer surface of the ball rises until it equals the temperature
inside it (about 7500°K) and then diminishes monotonically.



The time variation of the fireball temperature T(f), if we consider just
the cooling (after 7, has been reached) due to radiation, is given by the
formula

= T e—t/3VW/2
T(=Te LU (11)

where Tox 7500°K, the temperature at the time of the second maximum, is
practically independent of the strength W of the explosion in kt; and ¢ is
the time after the explosion in seconds /2/.

The maximum size (diameter) D(m) of the fireball for an atmospheric
explosion /8/ is

/0.4
D =67w"", (12)

The variations of the relative mass, relative mean volume, and
average temperature of the fireball was computed by Storebd /98/ for
various rates of intake of air from the surroundings and mixing with this
air (for an atmospheric explosion).

If the explosion is set off near an underlying surface (land or water), at
a height h<<D/2, then the fireball will pick up a considerable amount of
material from the underlying surface. Some of the matter pulled up into
the fireball will become vaporized (more than 4 tons of soil per kiloton
pulled up, for a surface test) /8/. Most of it, however, will melt (several
hundred tons per kiloton of soil /99/), producing an enormous quantity of
liquid (molten) particles, on which the radioactive explosion products will
later condense during cooling.

Right after it is formed, the fireball starts to move upward at a velocity
of 75 to 100 m/sec, due to the buoyant force caused by the difference in
densities inside and outside the fireball. As it ascends and cools, the fire-
ball changes shape: condensation of bomb material and atmospheric
moisture (or moisture drawn up from below) begins; the ball becomes
toroidal in shape and intensive circulation takes place, with an upward
flow in the center regions and a downward flow out toward the edges /100/.
At the same time, a radioactive cloud is formed, which rises for several
minutes, until the density inside it equals the density of the surroundings,
after which the cloud stabilizes /100/. During this time the cloud ascends
to an altitude of several kilometers (for a kiloton blast) or to somewhere
above the tropopause (for a megaton blast).

As the cloud's velocity of ascent decreases, an ever-increasing
number of radioactive particles fall out onto the earth's surface. These
descending particles constitute the so-called radioactive fallout, which
continues even after stabilization of the cloud. The radioactive particles
may be produced either as a result of condensation and subsequent coagu-
lation of the fission products and the vaporized bomb material, or else as
a result of their condensation on molten particles of the ground drawn up
into the fireball and cloud /101/.

The formation of radioactive particles inthe fireball and cloud of an
atmospheric explosion has been described in detail by Stewart /102/,
Freiling /103/, Storebd /98/, and Lavrenchik /2/.



Two theories of particle formation are compared in /103/. According
to the first theory, the particles form as a result of condensation, and the
distribution of particles according to size is exponential. According to the
second theory /102/, the particles form as a result of simultaneous
condensation and coagulation, and the size distribution of particles is de-
scribed by-a logarithmic normal curve. Experimental data verify the
importance of the coagulation process in the particle formation accompany-
ing an atmospheric blast /101/, although neither of the distribution curves
constructed on the basis of these theories contradicts the experimental
results /103/.

In /2/ both diffusion and molecular-kinetic mechahisms of particle
growth were considered. It was demonstrated that for diffusion condensation
r(f) ~t:, for molecular-kinetic condensation r(f)=f, and in the coagulation
process [102/ r(f)~t% (where r is the particle radius and ¢ is the time).

The particles produced during atmospheric explosions are, as a rule,
sinaller than 10 microns in diameter, the average size being 0.01 micron
(for a 20-kt explosion) /102/. For more powerful explosions the average
particle size will be even less.

When material from the underlying layer (ground) is drawn up into the
fireball, as is the case for an explosion on the earth, a large number of
radioactive particles are produced due to condensation of vaporized radio-
active products on molten soil particles. In a tower explosion, when a
smaller amount of material (from the ground and from the tower itself)
is picked up by the fireball, in comparison with a surface explosion, the
coagulation mechanism of particle formation predominates; the average
size of these particles for a nominal explosion is 0.1 micron /102/.

Large fallout particles are produced during a surface explosion due to
interactions between condensing bomb material present in the fireball in
a gaseous state and material from the earth's surface which has been
drawn up into the ball (or into the radioactive cloud). A considerable
amount of the unvaporized (partially molten) soil material is thereby mixed
over the volume of the fireball. If the fireball is large, this mixing can
hardly be uniform.

For a surface explosion the particles are of a glassy material produced
when silicate minerals of the soil melt. There are two kinds of such
particles: transparent spherical particles which are yellowish-greenin
color, and opaque particles of irregular shape (angular particles),
produced in the peripheral regions of the fireball by fusion of mineral
grains of soil (both kinds of particles have diameters up to 2 or 3mm /101/).

In the spherical particles the radioactive products are distributed more
or less uniformly over the volume or in a thick volume layer. For the
large angular particles the radioactive products are distributed in a thin
surface layer, and there is a tendency to diffuse somewhat into the interior.

The spherical particles probably form close to the center of the explosion
(they are heated to higher temperatures), while the very fine particles form
during the immediate condensation of the vaporizing material, However,
since the concentration of individual [fission] fragments is lower by far
than the concentration of matter drawn up into the fireball, the fragments
will in general be deposited onto soil particles, and there willbe only a
small number of these fine particles.

The beginning of the condensation of radioactive explosion products
(first period) may be considered to be the start of the radioactive-particle
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formation. After solidification of the particles (for surface explosions this
takes place at the melting point ¢, of the principal compcnents of the
material of the underlying surface; for soil ¢, ranges from 1100 to
1700°C), condensation of the volatile explosion products proceeds on the
surfaces of these particles (second period), until they leave the cloud under
the influence of gravitational forces.

The number of different elements remaining in the cloud at each moment
and not deposited onto particles will equal the number required for saturation
of the cloud at the given temperature /99/. While the cloud is still ascend-
ing, the largest radioactive particles start to leave the cloud and then to
fall out onto the earth's surface. The finer particles continue rising with
the cloud /1/ and possess lower rates of fall, so that they are deposited
onto the earth's surface at a considerably greater distance from the site of
the explosion.

The radioactive fallout from a nuclear explosion can be divided up into
the following categories (see, for example, /104/).

1, Restricted or local fallout, in a region immediately adjacent to the
site of the explosion (the first tens or hundreds of kilometers away),
according to the wind direction. The region of this fallout is often called
the wake of the radioactive cloud /105/. The local fallout is produced
mainly as a result of gravitational precipitation of large particles ("dry"
fallout), which form principally during surface nuclear explosions.

The best criterion for determining the local fallout is one involving
the maximum particle size, since very large particles are not found beyond
the local fallout. In /100/ this maximum size is taken as 50 microns.

For a surface explosion, according to different estimates, up to 40 to
80% /1, 2/ of the total residual radioactivity is deposited in the local-fallout
region. For tower explosions (at heights of 150 to 200m, for explosive
forces from 10 to 40kt) this percentage will be from 10 to 20%, and for
aerostatic explosions (at heights of about 200m, for forces from 10 to
70kt), which are essentially atmospheric explosions, it will be from 0.1 to
2% /106/.

2. Intermediate fallout, extending out to several thousand kilometers from
the site of the explosion. This fallout retains the characteristics of the
particular synoptic conditions obtaining at the time of the explosion /2/.

3. Global [world-wide] fallout, lasting for weeks, months, and even
several years after the explosion. It consists mainly of radioactive prod-
ucts cast up into the stratosphere, the particle sizes being from 2 to
5 microns (or less). These radioactive aerosols fall from the stratosphere
into the troposphere via cracks in the tropopause, as a result of turbulence
in the jet streams /104/. In 80 to 90% of the cases, these aerosols are
carried to the earth's surface by the precipitation of moisture, that is, the
radioactivity is in effect washed out of the troposphere /85/. *

The local fallout attending surface and underground nuclear explosions
{with ejection of earth) is the most dangerous type, from the point of view
of the creation of areas having high radiation levels /8, 107/. However, if
the frequency of nuclear-weapon testing is high, then the intermediate
and global fallouts also become a hazard, since, even though their inten-
sities may be low, they spread out to great distances from the explosion
site and may fall into densely populated regions.

* [These three types of fallout are sometimes called local, tropospheric, and stratospheric fallout.]
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In the following we consider some possible schemes for describing
the local fallout in terms of known explosion parameters and meteorological
characteristics. Such a scheme can be constructed by making a mathema-
tical model of the fallout /8/. »

It is possible to predict the contamination zones even if only a minimum
of information is available concerning the strength of the explosion and the
structure of the wind, This is done either by constructing idealized fallout
diagrams or by selecting simulation models of the fallout on the basis of
experimental data or mathematical modeling /8/.

To construct a mathematical model of the fallout, it is first necessary
to select a function describing the distribution of radiocactive products in
a stabilized explosion cloud, for particles of different sizes and for
different fallout heights, as a function of the settling velocity in the direction
of the mean wind (averaged over the height).

Various functions have been suggested for the distribution according to
particle size, on the basis of experimental results. In most cases these
functions may be represented by a logarithmic-normallaw, for surface /108/,
underground /99, 100/, and atmospheric /102/ explosions. Exponential
functions may also be used for atmospheric explosions [103/.

The propagation of a contaminant coming from a transient point source
was studied, the fall velocities v of the particles being nonuniform. The
following distribution, in the form of a two-parameter function (v -distri-
bution), was suggested /109/:

all+l

N (U) = m yhe—av, (1 3 )

It is typical that the activity distribution according to particle sizes, for
a given type of explosion, is practically independent of the strength of the
blast /108/. However, it is greatly influenced by the type of material
forming the underlying surface /100/ (for surface and underground
explosions).

Epicenter g f0km

FIGURE 8. Distribution of particles precipitated onto earth's
surface from various heights,
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When constructing a mathematical model, it is convenient to consider
the propagation of a polydisperse contaminant from a point source /109/, a
vertical line source /1, 110/, and a volume source /100, 108/. Clearly,
the line source and three-dimensional source can be treated as combina-
tions of point sources. The results obtained using the mathematical models
will be discussed below.

Figure 8 shows the distributions for particles of different sizes,
precipiated onto the earth's surface from a vertical line source at various
heights /110/. The radial and dashed lines show, respectively, the
geometric loci of the points to which particles of different sizes fall from a
specified height and the loci of points to which particles of a specified size
fall from different heights. The line with the arrows is a projection of the
trajectory for the fall of a 100 micron particle from a height of 12km.

The shaded area indicates the location of particles 87 to 100 microns in
gize, falling from heights of 9 to 10.5km. In the diagrams of the local
fallout /100, 110/ the effect of eddy diffusion is not taken into account; it
was suggested in /1/ that the calculated fallout area should be increased by
1/7 because of diffusion. It was demonstrated theoretically in /109/ that
for the propagation of a sufficiently nonuniform contaminant it is not
necessary to take into account the turbulent dispersion either along the
vertical or in the direction of the wind. The region is determined in which
the error introduced by such a simplification will be negligible.
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FIGURE 9, Isodose contours {in roentgens) for first 96 hours, in wake
of powerful surface nuclear explosion, for different wind conditions,
wind direction and velocity (km/hr) are shown to left of sketches,
for different heights (km).

Figure 9a shows isolines of the doses for the first 96 hours after the
"Bravo" explosion at Bikini Atoll on 1 March 1954; the wind conditions



for this blast are also shown, The other three sketches present some
results of isoline calculations for this same case, but with different wind
conditions.

The model of local fallout from a three-dimensional source /100/
postulates a stabilized mushroom cloud; the calculations are based on an
assumed distribution of fallout particles within this cloud. In general the
amount of fallout can be computed by following the motion of groups of
radioactivity-carrying particles in the atmosphere, from the time of
particle formation after the blast until deposition on the earth. For the
calculations the particles were divided into classes according to size,

The effect of the height of ascent of the cloud on particle motion was
taken into account. Also, the gravitational fallout of a particle was con-
sidered, together with the effect of wind velocity on its horizontal motion.
Data on particle trajectories and on the distribution of particle activity as
a function of particle size enable us to make numerical calculations either
of the specific activity settling onto a locality or of the dose rate at a given
point in the wake.

At any moment after the beginning of fallout the vertical (with respect
to the earth) particle velocity will be

U=0,—0,, (14)
where v, is the velocity of particle ascent due to upward motion of the air
in the cloud, and v, is the velocity of gravitational settling of a particle.

Large particles attain their maximum height and fall when smaller ones
are still ascending. The height z of particle ascent at a time ¢ is found by
integrating the particle velocity with respect to time:

z=y!(v,—-vz)dt+ 25 (15)

fo

where 4 is the time of particle formation, and z is the particle height at
this time. For the calculation the integral in (15) is approximated by a
finite-difference equation, the integration time interval being divided into
n smaller intervals. Therefore, we can write

n—1

z= (v, —va) A, + 2, (18)

i=0

where v); and v,; are the average velocities of ascent and descent, respec-
tively, of the particles for the time interval A#. After the cloud has reached
its maximum height, v,;=0.

To determine the height z, of the upper edge of the cloud and the héight
2, of its lower edge, let us use the empirical formulas of /100/. The force
W of the blast is from 0.01 to 20,000kt, and atmospheric conditions are
typical for the middle and tropical latitudes:

z,= 230V WP, (17)
2, = 100y WE . (18)
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Here z is the height in meters, W is the force of the blast in kt, and {is
the time in seconds.

The time /, for ascent of the cloud to its maximum height (its stabili-
zation) is taken to be 6 minutes /100/. For forces exceeding 100kt, ¢, may
be determined /100/ using the empirical formula

L =510— 34InW, (19)

where /, is the time in seconds. For explosions of greater force this time
will be less than 6 minutes. For instance, for a 20-metagon bomb
tn=~ 180sec,

Data on the ascent velocities of particles in the cloud are given in /100/.
The terminal velocities of particles in still air are determined on the basis
of Stokes' law /108/.

The horizontal motion is assumed to be a result of wind action. It is
true that some particle dispersion may be caused by eddy diffusion, but this
is neglected in the calculations of local fallout in /100/. Additional hori-
zontal motion is caused by the expansion of the cloud prior to stabilization.
The maximum horizontal particle displacement # during the time it takes to
rise from a height z, to the maximum height 2, plus the time of fall to the
level of the earth z, may be expressed as the sum of the two corresponding
horizontal movements: ’

Zm Ze
wAz wAz
H= = — .
) P s (20)
2=2, Z—“Im

where w is the wind velocity and Az is the thickness of the altitude layer.

A dynamic model (D -model) of local fallout based on Anderson's
theory /100/ has been suggested. In this model the cloud is assumed to
consist of 100 superposed circular cylinders, each of the cylinders
corresponding to one class (according to size) of radioactive particle (in
other words, the entire particle distribution is divided into 100 intervals).
The particles of a given class are assumed to be shifted uniformly over
the cylinder. Each cylinder is in turn divided into a number of disks (from
7 to 230), depending on the force of the explosion. The trajectory of a
particle whose size corresponds to the particle class for the given cylinder
is taken as the trajectory of each disk in air. Consequently, the cylinders
corresponding to different classes of radioactive particles will slowly
separate from one another. Cylinders representing large particles do not
ascend to great heights and fall rapidly. Those representing small
particles will go up higher and descend more slowly.

The distribution of activity as a function of particle size is given by the
formula

By a—B)?
! - et
F—U}I?n‘_je g dp' (21)

where F is the portion of the activity associated with the class of particles
having sizes from d, to d,, while 8,=1g 4,, B,=1g d;, and B =1g d. For
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cohesive soil from the state of Nevada E =2,053 and ¢ =0,732, and for
coral B_= 2.209 and o = 0,424,

The number of particles of a given size (or with specified fall velocities)
settling onto some part of the earth's surface was converted to values of the
dose rate P using experimental data /100, 110/. In /100/ this relation is
expressed by the following empirical formula, which takes into account the
irregularity of the earth's surface:

P=—=, (22)

where P is the dose rate in r/hr at a height of 1 meter, 1 hour

after the explosion; F is given by formula (21); A is the total residual
radioactivity (curies) 1 hour after the explosion (this falls over the entire
near wake of the explosion; it is 8.5-108 6 curies/kt for a gamma-emission
energy of 0.7 Mev/disint, 6 being the portion of the activity falling out in
the wake /7/); N is the number of disks used to represent the class of
particles with sizes from d,to d,; and S is the area of the earth's surface
in m? covered by the radioactivity contained in the disk. The total dose rate
is determined by adding together the dose rates for all the disks covering
the given point.

In /100/ the experimental fallout pattern obtained for the ""Jangle-U"
underground test was shown to agree with the pattern calculated on the basis
of the D-model for an hour after the blast. A good fit is observed between
the basic isolines in this case.

The method suggested in /108/ for calculating the local fallout is
similar to the D-model described above. However, in this case the
vertical component of the particle velocity during ascent was not taken into
account.

Intermediate fallout and global fallout are more difficult to describe and
predict than local fallout. The reason for this is that a considerably
larger number of factors, many of which have not been adequately studied,
affect the formation of intermediate and global fallouts. For example, in
the case of intermediate fallout, it is necessary to know: the variability
of the wind, the effect of removal of radioactivity from the troposphere by
precipitation washing, the role of eddy diffusion in scattering the cloud, etc.

For global fallout it is necessary to take into account the stratospheric
circulation, exchange processes between stratosphere and troposphere,
and the means by which finely divided aerosols are removed from the
troposphere. The formation and prediction of global fallout are described
in detail in /2/. The global fallout {(according to data on the concentrations
of air near the earth and on the density of surface contamination) is most
intensive in the latitude bands 25—50°N and 20— 30°S, irrespective of where
the tests were carried out /2, 85/.

The radioactive fallout (local as well as global) causes surface contami-
nation of a locality. Gradually, as a result of various processes, radio-
active products begin to penetrate into the soil (ground); they may be
carried by particles, washed off the surfaces of the particles, or
produced when the particles disintegrate. Thus the entire volume of the
upper layer (fo a depth of several centimeters) of soil becomes contaminated.
According to different data, the upper layer (5 to 6 cm deep) contains 80 to
95% of the activity, for both local /56/ and global /4/ fallout.
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3. Fractionation of nuclear-explosion products and
isotopic composition of radioactive fallout

Radioactive fallout is a result of complex nuclear, physicochemical, and
geophysical processes. Figure 10 gives a schematic representation of the
various processes leading to radioactive fallout /103/. The horizontal
scale of the diagram (time scale)is divided into explosion, condensation,
and fallout phases; the vertical scale is divided into nuclear and physico-
chemical processes. Dashed lines indicate processes taking place only in
the case of surface explosions. This diagram enables us to understand the
interaction of the different processes taking place during fallout formation.
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FIGURE 10, Diagram of processes leading to radioactive fallout,

The complex aggregate of physicochemical processes observed after
the radioactive products have formed (as a result of nuclear reactions) has
a significant effect on the isotopic composition of the radioactive fallout
(global and local). These processes change the ratios in which the isotopes
are produced for some given kind of fission, that is, they lead to fractio-
nation of the radioactive products. An understanding of fractionation is
exceptionally important in order to determine the contamination of a
region by individual isotopes (according to the radiation field or the total
activity) and the hazard associated with the penetration of isotope into
an organism,

5658 26



The fractionation of the products of a nuclear explosion may be
characterized by the following coefficient /111/:

fiej () = 2180, e (23)

nj(t, e " ni(t),

where n;(t,r). and n;(¢,r)e are the experimentally determined activities (or
numbers of nuclei) of isotopes belonging to the /th and jth mass chains,
respectively, in a particle (or group of particles) of dimension r at a time
¢t after the explosion; and n;(f)/n;(f), is the theoretical ratio of the
activities (or numbers of nuclei) of these same isotopes at the same time.

Some values of f;,_o for radioactive particles collected in the fallout on
Japan in 1961—1962 are given in /112, 113/.* For particles around
10microns insize, the valuesof fies fluctuate about zero, that is, in these
particles Rul® is practically absent. The values of fuurg s lie between
0.25 and 0.7, which shows good agreement with the data of /111/ for
particles sampled in 1957 — 1958 in the air over Sweden; moreover, these
values do not contradict the data in /114/ for particles sampled in the
Moscow region in autumn 1962,

A number of studies /112—120/ which have appeared in recent years
indicate that, for the large radioactive particles in local and global fallout,
the ratio of the number of Rul® nuclei to the number of Zr®+Nb% nuclei
is considerably lower than the theoretical value. Moreover, in some gamma-
emission spectra of the particles, the line around 0.5 Mev corresponding
to the Rul® isotope (Bal?® and Lal'4?)is completely missing. Finally, it is
noteworthy that the fine particles are richer (in comparison with the large
particles) in such isotopes as Sr%°, Bal% /101, 121/, and Sr% /122/.

The foregoing results are consequences of fractionation of the radio-
active nuclei produced during nuclear explosions. The term ''fractionation’
designates such a change in the composition of a mixture of radioactive
nuclei (during different stages following the nuclear explosion) that the
aggregate of these nuclei in a given sample becomes nonrepresentative, in
comparison with the explosion products taken as a whole (at the same time)
/123/.

Fractionation of radioactive nuclei begins during the condensation of
vaporized material containing fission products and induced activity. It is
caused by a selective capture of individual isotopes of the liquid phase at
the moment when the radioactive particles are produced. The explanation
of this is that, at different stages of particle formation, nuclides of the
same mass chain (isobars) may exist successively in the guise of different
elements, due to radioactive decay.

In order to evaluate the effect of fractionation quantitatively, it is
necessary to know what times after the explosion correspond to the different
stages of particle formation. The time  at which the temperature of the
fireball reaches the melting points of the soil material (surface explosion)
and the basic structural material of the bomb (atmospheric explosion) may
be considered to be the moment of solidification of the particles. In surface
explosions, when the most abundant constituents of the material drawn up

* In this case f;_os is the coefficient of fractionation for long-lived isotopes belonging to the ith mass chain,
relative to the isotope sum Zr* + Nb%,
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into the fireball are silicon compounds (Si0,), the minimum melting
(solidification)temperature for the particles is 1100°C. In this case /100/

L=067 )W sec, (24)

where W is the force of the blast in kt. Analogously, for the maximum
melting temperatures of these substances (1700°C),

4, ~058VW sec. (25)

Particles leaving the radioactive cloud before solidifying will be stripped
of all their volatile elements (in comparison with the high-melting elements).
If a particle remains in the cloud after solidification, the condensation of
volatile elements onto its surface proceeds, as the condensation
temperatures of these elements are reached.

The fact that there are many different types of particles as well as
different particle sizes complicates the study of fractionation considerably:
For example, if angular particles capture radioactive products in cooler
parts of the fireball and at later periods, in comparison with spherical
particles, then we can assume that they will be richer in radioactive
isotopes having volatile parents, Large spherical particles, on the other
hand, contain less Ba!4® and Sr8 /101/ (as compared with Mo® and Np?3)
than particles of irregular shape.

Some experimental results on fractionation during surface explosions
of great (megaton) force are given in /121/, along with attempts to evaluate
this phenomenon quantitatively. Zr9% and Sr® were chosen as reference
nuclei in the analysis of the results. These isotopes were selected for
two reasons: 1)the ratio of these isotopes is a sensitive indication of
fractionation, since there is a comparatively long-lived volatile isotope
(Kr8, with T, =3.2 min) in the chain with a mass number of 89, whereas
in the chain with a mass number of 95 there are practically no volatile
parents; 2)elements with mass numbers of 89 and 95 have substantial
fission yields and also isotopes Sr® and Zr® have quite long half-lives, so
that these isotopes should be present in most of the samples.
~ The value of feu.g was found to vary by a factor of 5 for different
samples for a megaton blast at the surface of a deep bay, by a factor of
20 for an explosion of less than a megaton at the surface of a deep bay, by
.a factor of 12 for a megaton surface explosion in low water, and by a factor
of 100 for an explosion at the surface of a coral atoll. The quantity f.; is a
complex function of the type and force of the explosion, the nature of the
material making up the underlying surface, the place and time of sampling,
and the sizes and shapes of the radioactive particles in the sample.

The values of f,_; for different samples (particles) for a given explosion
fluctuate over a considerable range. Thus the fractionation of an isotope
with respect to some other reference isotope such as Zr% can be
determined by correlating the values of f,_g and fesg. The slope of the
correlation curve characterizes the fractionation coefficient of the given
isotope i relative to Zr% in this region (for the given explosion).

The method of least squares is used to find the tangents to the curves
for logarithmic correlation for different isotopes. The samples are from
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contaminated areas in the vicinity of surface explosions of megaton bombs.
Table 7 lists some values of these tangents /121/. It should be noted that
the slopes of the curves vary slightly depending on the environment.

TABLE 7, Tangents to curves of logarithmic correlation, for various isotopes

Isotope tano Isotope ,[_én «
s 0.32 | opa 043
Mo 1,11 Cel# 0,94
Tel%? 0.60 u¥ 1,04
cs'¥ -0.06 NpP 1.05

Consequently, the experimental results in the table are a clear indication
that fractionation greatly affects the presence of volatile parents in the
decay chain. Reference /121/ gives tana for various isotopes as a function
of the square root of the fraction F; of high-melting elements already
condensed at the moment of particle solidification (in the mass chains to
which these isotopes belong). It turns out that this relation is expressed by
a straight line (within the limits of experimental error), that is, it may be
described by the formula

lgft—sg = V?—ilgf%—ag' (26)

l8lize jisted in Table 7 were used /121

95—89
to derive formula (26), and in the calculations of F; it was assumed that
the halogens, the inert gases, the alkali metals, and tellurium (or their
oxides) are volatile. The quantity F, was calculated at a time 35 seconds
after the explosion (for W~ 3 Mt). For less powerful explosions the effect
of fractionation is more pronounced.

As noted above, the main parameter used to evaluate the fractionation
is F;, the fraction of high-melting elements in the mass chain at the
moment of particle solidification, the oxides of which (or the elements
themselves) have boiling points higher than the melting (solidification) .
point of the basic constituent of the underlying surface (ground). '

Fi(4) may be calculated as a function of the solidification time for the
particles, which in turn is a function of the force W of the explosion and
the solidification temperature, for each mass chain of the radioactive
transformations /123/. This calculation is made on the basis of the known
(or computed) individual fission yields and half-lives for all the members
of the chains, together with the boiling points of the oxides of the elements
in the form of which the isobars appear successively in the given mass .
chain., As a first approximation it may be assumed that the temperature
is the same at all points inside the fireball at the time of cooling, and also
that the explosion products are distributed uniformly throughout the entire
fireball. For each chain of radioactive transformations, a calculation is
made of the number of products which will be present, by the time the
solidification point for the particles is reached, in the form of elements
whose oxides are volatile at this temperature. In addition, a calculation
is made of the number of isotopes which will be present in the form of

The experimental values of tan a=—-~
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elements whose oxides have boiling points higher than the selected
temperature and may thus condense and be picked up by the particles
being formed.

The oxides are considered rather than the elements themselves, since
the probability that oxides will form is obviously quite high, given a high
enough temperature and an excess of oxygen (although sometimes decompo-
sition of oxides also occurs). Elements with oxide boiling points (if the
oxides decompose, then the boiling points of the elements themselves are
considered) lower than the solidification point of the particles should be
assumed to be volatile elements, that is, elements which are not picked up
by the particles as they form. At temperatures from 1100 to 1700°C the
volatile elements may include inert gases (Kr, Xe), halogens (I, Br),
alkaline elements (Rb, Cs), and also arsenic, selenium, cadmium, indium,
and ruthenium.

The nonvolatile elements, which are picked up by particles at their
formation, will be elements which have oxide boiling points higher than
1100 to 1700°C: gallium, germanium, strontium, yttrium, zirconium,
niobium, rhodium, palladium, silver, tin, barium, lanthanum, cerium,
praseodymium, samarium, europium, gadolinium, and terbium.

Isotopes of tellurium, antimony, and technetium may be considered to
be volatile elements too, but the behavior of these isotopes in the
described processes is more complex, For example, the condensation
temperatures of oxides of antimony and technetium are higher than, but
close to, the temperatures taken for particle formation (1100 to 1700°C).

Actually, the penetration of fission products into particles does not
occur instantaneously, but rather over a period of time which depends on
the elasticity of the vapors of the fragment elements (because of the small
and variable concentration). Accordingly, the above elements are
probably intermediate between the high-melting and volatile elements.
Therefore, in analogous calculations in /99, 121/, tellurium was included
in the volatile elements. Tin* has been thought to be a volatile element,
and molybdenum sometimes behaves like a high-melting element. However,
since there is no experimental confirmation of this, tin will be considered
to be a high-melting element for our calculations, and molybdenum will
not be considered at all, due to the complexity of its behavior.

The independent yields of separate members of the chains were deter-
mined using /123/ a method suggested in /124/. The authors of these
works assume that the distribution of independent yields among members
of a chain, as a function of the charge, obeys Gauss's law:

p(Z)=(cx)y "exp[— (Z—Z,)fc]. (27)
Here p (Z) is the independent fission yield of a nucleus with charge Z (the

yield of the whole mass chain is taken as 1); cz2<c2 + 1—12) , where o? is

the variance, assumed to be the same for all chains (o = 0,62+ 0,06, so that

¢ =0.9440.15); and Z,is some effective value of the charge, corregpond-
ing to the peak of the Gaussian curve. Values for Z, are given in [124/.
Using these values, the independent yields for all members of the chains with

* And palladium and silver as well,
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mass numbers of 78 —105 and 128 —156 were calculated. These yields
show good agreement with the experimental values.

Figure 11 shows the results of the calculations of F;; the solidification
time ¢ for the particles is plotted on the abscissa axis, along with the
force of the explosion, for melting points of 1100 and 1700°C, and F; is
plotted on the ordinate axis,
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FIGURE 11. Fraction of high~melting elements in mass
chain at time of particle solidification, as function of
force of explosion, Numbers near curves indicate num-~
bers of mass chains,

The values of F; computed for the two melting temperatures differ by
no more than 5%. These values are not affected by a variation in the force
of the explosion for nuclides belonging to chains with the following mass
numbers: 83, 85, 87, 88, 95, 97, 103, 106, 129, 133, 134, 135, 137, 143—161. There
is almost no change for the range of W from 1 to 500kt for nuclides with
mass numbers of 89, 90, 131, 132, and 139. The values of F,; are most
sensitive to variations in the force of the blast (for W from 1kt to 3—5Mt)
for nuclides with mass numbers of 92, 93, 141, and 142. In the range of W
from 1 to 100 Mt this is true for nuclides with mass numbers of 90, 91, 140,
and 141,

For purposes of comparison, Figure 11 also includes some curves of
Fi(t) for chains in which there are no long-lived gamma emitters. *
However, a knowledge of F; does not give us the value of the fractionation
coefficient, it just indicates the part of a long-lived isotope belonging to
the ith mass chain. This isotope may ultimately enter into the large
particles making up the local fallout (assuming that only a small amount
of total activity exists on the surfaces of the large particles).

Let us assume that the isotopes of high-melting elements (or their
oxides), having entered into liquid particles, become distributed relatively
uniformly throughout the particles /101/. Let us also assume that the

* For isotopes having a tin isotope as a parent, the F; curves are dashed,
P g p P
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isotopes of volatile elements condense on the surfaces of heavy particles.

It is then possible to calculate fi_;(r) as a function of particle size (this was
suggested by us in /125/) and thus to determine the fractionation coefficient
for products falling out at different distances from the explosion. The
indicated mechanism of radioactive-particle production will be predominant
if a great number of comparatively large inactive liquid particles (more
than 10 to 20 microns in diameter) are present in the fireball, and if the
fission products condense onto them; this is the case for surface explosions
/101, 121/, ; ' - .

In an atmospheric explosion particle formation takes place as a result of
condensation of vaporized bomb material and coagulation of the submicronic
particles produced thereby /2, 98, 102/. An analogous method may be used
to determine f,_; for fused particles of spherical shape greater than
2 microns in size. Thus, for spherical fused particles:

mt, e _ Ni(t,ne _ Ni(tne+Ni(tin)e
e Nijlhnde  NY(tned N3t

n; (O)eF; n; () (1—F) N° (t")‘z;‘ ng (1) Fp

a; UFj " nj(t) FANY (t,r), 2ng (1), (1 — Fr)
- ) : (28)
(1 —F)Ns (':')e? g (£) Fy

FiN© (t,7), % ng (1) (1—Fy)

Lt

since it is evident that

ni () F;

Ni(t, ). =
6. 1)e ;”k(’)(Fk

Ne(t,r)e

and

()t —Fy)

Ni(t,r), =
7 2 ng (0 (1~ Fy)

NS (8, 1),

Here N; (t,r)e, N? (t,r)e, and Nf (¢ r), are the probability density functions
for the total, volume, and surface activities of the ith isotope (or of the
combined isotope mixture, for N(¢ r)e, N*(t, r)e, and N:(t, r)e). These are
functions of the particle radius r and the time ¢. Function n;(f). is the
activity of the ith isotope produced during the explosion, at a time ¢ (calcu-
lated theoretically); ni(f, r)e is the experimentally determined activity of
the ith isotope in the particle. F;is the fraction of the elements in the ith
mass chain of elements which have condensed by the moment when particle
solidification takes place /121/, and k is the number of mass chains whose
isotopes make a substantial contribution to the total activity at the time ¢.

An isotope having high-melting predecessors (most frequently it is
Zr%) is usually taken to be the isotope belonging to the jth mass chain (the
reference isotope for determining fractionation of the isotope in the ith
mass chain) /111,.121/. Therefore, when using formulas (23) and (28) to
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determine f; o, we can set F;=1, so that

N NS (e D¥ehoe ! Fy -~ o
ficos=F; +(1—F;) L o (29)
Nt (t,r)e%] Ve et (1 — Fk) 5

since

Dnp(t) Fy Vet Fy
A %

SuO—F) DY a—Fy

where Y is the cumulative yield of the & th mass chain during fission.

As (29) shows, f.e is a function of the particle size, the force ( F; )/12Y/,
the kind of flss1on Y: [49/, the type of explosion, and the nature of the
ground constituting the underlying surface. This follows froin the fact that
function N(¢, r)e is different’for underground, surface, and atmospheric
explosions /99, 100, 103/, and also for different kinds of ground /99/. With
respect to the particle size, .the probablhty den31ty functlon for the total
‘activity w111 obviously be

N(t,r)e= No(t, e+ N (1, 1), | , (30)

from which )

N(tir)e _ Nie

N7 (£,ne NY(1,r)e

(31)

Function N (4, r)e is known for different types of explosmns /99 100, 103,
108/. ‘As noted above this distribution may be expreéssed by.a 10gar1thm1c—
normal curve, by an exponentlal funct1on or in the form of the two-
parameter function used in /109/ to represent the probabxhty density
function of a polydisperse contaminant w1th respect to the partlcle fall
velocities, - Let us set . .

TN(:, edr = Q(0),

where Q(f) is the total amount of act1v1ty produced durmg the explosmn at
a time ¢,

Let us assurne that thermodynamic equ111br1um exists and let us apply
the Raoult law to the process of particle formation in the fireball /99/.
may then be assumed that the volume and surface concentrations of radlo-
active isotopes in the just-formed particles of different sizes (for r=2u),
present in the cloud for a time sufficient to complete condensation
of the fragment elements in these particles, are constant (that is, o, and
o, are constant). Accordingly,

NY(t,r)e . our r’

NS (4,r)e 3o, a : I (32)

where ¢ is a con'stant. *

* For some large radioactive particles the activity is dlstnbuted over a thick external volume layer 7101/,
g p

rather than umformly throughout the volume, Thus it is to be assumed that the condition of thermodynamic
equ111bnum is not always satisfied completely, ' In this case NSy 7 will depend less on .
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The value of F; can be calculated approximately if the force of the blast
is known /121, 123/, if N(f, r) is selected for the case in question /8,99,
100, 103, 108/ and if ¥; is known for the given type of fission /49/. The
main problem when determining f,_; is to find the constanto. From
formulas (31) and (32) we obtain

No(t, r)e = AE0e (33)

r+«a

The value of @ may be found, for example, from an equation indicating
that practically all the isotopes of elements boiling at temperatures higher
than the solidification point for the material of the particles fall into these

particles:

o z;,ykxke—*k’ Fp =
Ne(t, r dr==—‘———5‘Nt,r dr.
'§ e PR AN Y (:1)e (34)
E

The foregoing formulas can be used to calculate fioes(r) for various W and
N(t, re . Let us find fiss(r) for W= 1kt and 1Mt (surface explosion) and for
fs =1100 and 1700°C. The values of F; for this case are taken from
Figure 11. The data for N(¢, r), are taken from /8/. Figure 12 shows the
function 1/Q(f) X N(¢, r)e in the form of a histogram (curve 2). The probabi-
lity density function N(, r), for a fresh fallout (after days or weeks) is
assumed to be practically independent of time /8, 99, 100, 103, 108/.

The curve for 1/Q(f) N(f r)e shown in Figure 12 (curve 1) can be
represented approximately by the formula

—_ Nt rie=er, (35)

Q) T(n+1)

where n=2 and a=0.06 /125/. Now, from formulas (33) through (35), we
obtain

1 Eyklke—xkl Fy
L 10.06a 4 (0.06a)3 e0-06 [— Ei (— 0.060)] — (0.06a)?} = 1 — £———".  (36)
2 EYk)\ke“}k’
k

The values of F; computed above can be used t{o determine the fraction n
of the total radioactivity of the products released during the explosion for a
time ¢, referred (according to the previously indicated criterion) to the
high-melting elements:

% Yihe ! Fp

= Sy el (37)
%
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FIGURE 12, Probability density function of total
activity for surface explosion, in terms of sizes of
carrier particles,

Table 8 lists some values of n for various ¢ and W. The type of fission
is assumed to be the same for all the explosions (1kt, 1Mt, and 100 Mt).

TABLE 8, Fraction of activity of high-melting products in total activity of frag=
ment products of explosion

t w =1kt w= 1Mt w =100 Mt
1 day 0,37 0,44 0,51
20 days 0.38 0,44 -

When the calculated values are substituted into (36) and the latter is
solved graphically, it is easgy to show that for W=1kt, a=80 microns,
while for W=1Mt, a=60 microns (¢ has the same units as r). It should
be noted that for r=o the distribution curves for N:(f,r). and No°({r), will
intersect. '

Figure 13 shows some curves for fie(r) for W=1kt and ¢ = 1100 and
1700°C (at these temperatures the values of [i_ss(r) differ from one another
by less than 5%, for r=20 microns); the data selected above for N(i,r).
were used to plot the curves, together with the calculated values of a.
The function fi_es(r) was calculated for the mass chains containing the most
important gamma emitters right after the explosion,

It is clear from Figure 13 that the values of f;_4 which differ most from
unity are those for i=103, 106, 137; on the other hand, for i=97 and 144,
fiees = 1.0, All the fie curves intersect for the values

% npFy

S S— 2
%ﬂk(l—ﬂe)

r

The fi—ss curve corresponding to i=92 is the most sensitive to variations in
the force of the explosion.

The f[i_es(r) functions determined using the method described above are
independent of time, that is, they are also valid for fallouts which are not
fresh.

35



~ Jroas
- 2.0
o 97,144
.05k .%.'
32,132
0.3 [~ 9L5]
0.2 10J,106,73:
50 - 100 150 nu

FIGURE 13. Dependence of the fractionation coefficients on
the particle size for an explosive power W= 1kt (f;;0= 1100—
1700°C). The numbers on the curves correspond to the number
of mass chains.

Fractionation of the radioactive products does not cease after the radio-
active particles fall out of the cloud. The subsequent fractionation can be
attributed to the influence of meteorological (mainly before particles land
in the region) and geochemical (in the region) processes. For example,
according to 112/, at the beginning of a rain there are products in the rain
samples which have undergone more fractionation than the average for rain
samples (fractionation due to a washing out of larger particles). Fractiona-
tion as a result of the washing out of particles of different origins is
described in /126/. The reduction of the Bal%/Sr% ratio can be attributed
to a selective washing out of Ba'4? of tropospheric origin.

Fractionation caused by washing out from the atmosphere of larger
particles from the windward side of a mountain range is described in
/127,128/. The fractionation of radioactive nuclei in the products falling
onto a regmn due to their different susceptibilities to washing out and their
different mobilities in the soil of the local- fallout region, is described in
* /56/. Radioactive nuclei having inert gases as predecessors turn
successivelyinto alkaline and alkali- earth elements, after the first and
second beta decays. These products, which are concentrated on the sur-
faces of the fallout particles, are readily soluble /121/. Consequently,
fission products having volatile parents are subjected to washing out more
than fission products having high- melting parents are.

The probability density function Ni(f,r), obtained above enables us to
determine the activity of the ith isotope, which is present on the surfaces of
particles of a given size and is primarily subjected to washing away from
the particles under natural conditions. If the substance constituting the
base material of the particles (for example, SiO,)is practically insoluble
in water and weak acids, then a knowledge of N} (f r}e makes it possible to
determine the biological availability as a function of particle size.

The concept of the biological availability of radioactive explosion
products was introduced in /129/. The biological availability of an isotope
is the relative accumulation of this isotope (from the radioactive explosion
particles) by a biological system, divided by the relative accumulation of

36



Y.

the isotope from a mixture. Accordmg to /129/ the b1010g1ca1 ava11ab111ty
of Sr% in particles from a tower explosion or other type of explosmn is
practically equat td the fraction of Sr% which is soluble in one normal
solution (IN) of HCL, that is; it is almost the same as the fractlon of Sr%0
deposited on the particle surfaces after solidification of the partlcles
(isotope diffusion from inside a particle to the outside is practically
excluded). Therefore, the maximum value of the (coefficient of) biological
availability for the ith isotope may be assumed to be quantitatively equal

to the fraction of this isotope present on the surfaces of patticles of a
given size (that is; the isotopes deposited after particle golidification), .
provided the basie substance making up the partlcles ig essentlally
insoluble in water or in weak acids:

Ni(tr)e _
X N?(tyr)e'i'»N?(tl’)e
' FiN7 (£,r)e DY phee e (1 —Fp) \ 7!
=14 k =

(1 —F) NS (t,r)cg, Y ekt Fy

‘bi(r)=

— (1 + FN? (t,r)e(l —7) )"‘

(—F)N* (tr)en (38)

The meager, very disconnected, material /106, 129—133/ containing

information on the coefficients of biological availability, and on the washing

off of various isotopes from particles by water or by weak acids, in
general verifies formula (38) /125/. For example, the Sr®0 in large
particles is more soluble than the accumulated fission products. The solu-
bility of the accumulated products in such particles is low /1086, 129, 131/,
and the fraction of the soluble part is less for these particles than for
small particles (for surface and tower explosions /106/). The solubility
in particles from very powerful explosions is the least /106, 129/. There
was less than 2% activity, enclosed in particles, present on the surfaces
of vitrified globules more than 50 microns in size which were gathered in
the state of Nevada /131, 132/,

4. Gamma emission of radioactive products falling out .
in a region .

Several hundred riuclear explosions were set off throughout the world
between 1945 and 1966. These explosions were carried out under various
conditions. For example, of 298 announced explosions by the USA between
1945 and 1962, 67 were on or near the earth, 78 were set off in the atmos-
phere at altitudes of more than 500 meters, 98 were underground explosions,
and 11 were set off in the stratosphere or in space /21, 133/. Most of
these explosions caused radioactive contamination of the earth's surface.

Propagation through the atmosphere precedes the fallout of . radioactive
products onto the earth's surface. The time between the formation of the
radioactive products and the fallout of these products from the1r
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carrier-particles onto the earth's surface depends greatly on the height at
which the explosion products were thrown out and also on the sizes of the
carrier-particles themselves (that is, on the settling velocities of these
particles). The particle sizes depend on the explosion conditions: for
nuclear explosions on, near, or under the earth (with ejection of earth),
the average particle size is considerably greater than for the other types
of explosions. In view of the large range of fallout times onto the earth's
surface, one of the most important characteristics of a radioactive fallout
is its "age." For products originating in the same explosion, the age of
the faliout refers to the time elapsed from the moment of the blast until
the moment of age determination (for example, until the moment the
products are collected or, in some cases, until the moment the analysis
is carried out). However, it is possible to collect a sample of radioactive
products for which most of the activity comes from the debris of an
individual explosion, if the sampling station is located a comparatively
small distance (up to a few thousand km ) away from the explosion site along
the travel line of the air masses, or else when isolated test explosions are
set off.

In all other cases a sample will contain a mixture of debris from
several explosions, as well as radioactive material from the global fallout.
The products are characterized by some average (effective) age, as
determined by the ratio of the activities of two or more isotopes, an
extrapolation of this ratio being made back to the initial moment, Studies
of highly active hot particles have been given considerable attention by
many investigators /134—137/. The radioactive products present in each
such particle certainly all come from the same explosion. However, the
isotopes in them undergo fractionation (see Section 3), and so the ratios of their
activities may differ markedly from the theoretical values,

In cases where an "artificial plane table" is used as a sampling tech-
nique, that is, where samples of soil or vegetation are gathered for
analysis, it should be kept in mind that artificial radioactive debris from
explosions has been accumulating in nature since the year 1945. Accord-
ingly, as a result of various migration processes, radioactive products
have penetrated into the ground, with the result that some months after
contamination plane emission sources were turned into volume sources.

Scintillation gamma-ray spectrometry is a promising tool for studying
the gamma emission of radioactive fallout. This technique tells us
directly what the isotopic compositions of the main gamma emitters are,
together with their relative contributions, and it also indicates the total
gamma activity of the given specimen (sample). The shape of the
gamma-emission spectrum of a fallout sample is determined primarily by
the following factors: the age of the products in the sample, the
relative contributions of fresh and global products, and the contribution of
isotopes of the neutron-induced activity. ‘

Using theoretically computed line spectra (see Section 1), the age of the
fragment products in the sample can be evaluated approximately. There
are some factors which should be taken into account when comparing the
theoretical and experimental spectra:

1) the theoretically computed spectra can be used only when considering
debris from a single explosion or series of explosions, the duration of
which is small in comparison with the age of the products;
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2) the experimental spectra differ from theoretical spectra of the
same age, in that there is fractionation of the fission products and a
contribution by induced-activity isotopes;

3) fallout spectra for fission products in which it would be possible to
identify peaks corresponding to radioactive isotopes of the noble gases
(for example, Xel¥ or Xe!33) are not described in the literature.
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FIGURE 14, Gamma-~emission spectrum of sample about 10 days
old (in two energy ranges, a and b).
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2000 - Let us now consider some spectra
—_75571,1, of radioactive explosion products
140 kev which were obtained experimentally.
1800 The gamma-emission spectra for
some relatively fresh products (global
fallout) collected in the summer of
1600 1962 are shown in Figure 14, for two
energy ranges. The age of these
products (on the basis of a comparison
1400 with the calculated spectra of Section 1)
canbe setatabout 10days. The products
were collected from the atmospheric
layer near the earth by a filter-
ventilating apparatus. A comparison
with the line spectrum in Figure 4
shows a satisfactory convergence of
the overall character of the spectra.
The absence of the peak at 364 kev
(1331) is due to calcination of the
sample at 500°C. The spectrum was
obtained using a spectrometer with
7% an Nal(T1) crystal 30X15mm in size.
A0 i The peak at about 106kev is apparently
B key due to the contribution of Np?% and
520 kev p
!AY W Nd47; a considerable part of the peak
‘ J ! at 230 kev is probably also due to
Np2¥® (E, =228 kev). The gamma-
‘h%/ RATE ’
° |\620kev

1260 P

1000

800

Counting rate, pulses/(30 min- channel)

800 £ —

o —B5

4a0

emission spectrum of a hot particle

200 taken from this same filter is present-
ed in Figure 15; this curve shows a
definite depletion of isotopes I'%

(364 kev), Tel® (230 kev), and Lal40
(1600 kev). It is assumed that the

age of the particles is the same as the
age of the products in the sample as

a whole.

Figure 16 shows the gamma-
emission spectra of a sample about
one month old, collected in the filter.
The peak at 145 kev corresponds to the emission of Cel4!, Anomalously
low peaks at 500 and 1600 kev are a characteristic feature of the gamma-
emission spectrum for a hot particle of this age. This indicates that the
particle is depleted of such isotopes as Bal%® and Rul®3, which agrees with
the results obtained in Section 3. Other investigators /112—1 15, 134—136/have
obtained similar results for the differences between the gamma-emission
spectra of filtered samples and hot particles. The peaks at 60, 100, and
205 kev (see Figure 16) are apparently associated with the emission of
U237, Figure 17 shows the gamma-emission spectrum of a sample with a
tentative age of seven months; the same was obtained with a filter from
the atmospheric layer near the earth.

0 i 20 Jo 40 50 80
Number of channel

FIGURE 17, Gamma~emission spectrum of
sample about seven months old.
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A gamma-emission spectrum for nuclear -explosion products 1.7 years
old is plotted in Figure 18 (spectrometer with Nal (T1) crystal 40X40mm in
size). It is natural to assume that during the subsequent radioactive
decay the 660-kev peak (Cs!®—~Bal3"m) will be more pronounced in the
spectrum, whereas the 765-kev peak (Zr% —. Nb%) will disappear. Figure 19
shows the gamma-emission spectra for hot particles of different ages /136/.
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FIGURE 18, Gamma=emission spectrum of sam-
ple 1,7 years old,

As alreadynoted in Section 1, in some cases isotopes from activity induced by
neutrons in elements of the exploding device or in elements of the soil
(for explosions on, near, or under the earth) may contribute substantially
to the gamma emission of a fallout sample for a nuclear explosion.

Figure 20 shows gamma-emission spectra for some fallout samples
collected several kilometers from the epicenter of an underground nuclear
exp10s1on accompamed by the ejection of earth /133/. The explosion was
the ""Sedan' test, set off on 6 July 1962 at a Nevada proving ground in the
USA. Spectra of nuclear debris about two days old were obtained with a
spectrometer having an Nal (T1) crystal 102 X 102mm in size. Simple
calculations (with a correction for spectrometer efficiency) indicate that
two days after the explosion the contribution of W187 to the total beta
activity amounted to 60%, while that of Na? was 1.2%. The fission products
were evaluated in terms of the 1.60-Mev peak (Lal4%); the contribution of
W87 was evaluated in terms of the peaks at 0.48 and 0.69 Mev: that of Na24
was evaluated in terms of the peaks at 2.75 and 1.38 Mev. The mixture of
fission products was found to be slightly fractionated /39/. As much as 90%
of the gamma emission of the fallout from this explosion (as judged by the
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number of gamma-ray quanta), at an age of 167 days, was due to tungsten
isotopes (mainly W1) /40/.
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FIGURE 19, Gamma=emission spectra of hot particles of different ages
/136/ (9.42 days and 145 days).

w?

A gamma-emission spectrum cited in /78/ may also serve to illustrate
the contribution of the induced radioactivity. This spectrum was that of a
sample of pasture vegetation collected in 1963. Along with the 1460-kev
peak corresponding to the natural emitter K* and the peaks at 662 (Baldm),
520 (Rh!%6), 430 (Sb!25), and 140 (Ce!#) kev corresponding to fission
products, this spectrum also contained a definite peak at about 840 kev,
which was attributed to the emission of Mn%, an isotope of the induced
activity.
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FIGURE 20, Gamma=-emission spectra of samplc collected near
epicenter of American "Sedan™ test (age of sample about two
days).

According to the data of /133/, the combined power of all the bombs
(fission reaction only) detonated up to and including 1958 amounted to
around 92 Mt, of which 52 Mt were from the years up to and including 1956.
A steady radioactive contamination of the soil of the world was produced
as a consequence of these explosions. Late in the summer of 1961, just
before the beginning of a new series of tests in that year, a study was made
of the isotopic composition and distribution of gamma emitters in the soil
of the Moscow, Ryazan, and Leningrad regions of the Soviet Union. This
study showed that there had been a lasting accumulation of radioactive
products by the soil, mainly in its upper layer (to 5 or 6cm).

TABLE 9, -Penectration coefficients for various soil types

Penetration
Area Brief description of soil and area coefficient,
cmzlg
1 Dark-gray forest soil, loamy 1.15
1I Chernozem, podsolized, loamy 0,77
11I Soddy, highly podsolized soil, with texture 1,35
similar to that of light loam
v Peaty soil 6.7
v Soddy gley soil, found in floodplains, with tex= 2.3
ture similar to that of average loam
Vi Soddy, highly podsolized, sandy loam 1,14
VIl Soddy gley soil, with texture similar to that of 1,79
heavy loam found in floodplains
VIII Soddy sandy soil 0.29
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By means of a standard sampler 582 cm? in area, several block samples
of soil 10cm thick were obtained; these blocks were then sliced, using a
special device, into layers 0.5cm thick. After being divided into layers
and dried out at a temperature of 150°C, the soil was carefully quartered
and measurements were made using a scintillation gamma-ray spectro-
meter. The spectrometer had a sensing unit with an Nal (T1) crystal
70X50mm in size (11% resolution for the 662-kev line) and an AI-100-1
pulse analyzer. The measurements were carried out in specially shaped
cells, surrounding the crystal in front and on the side. A steel chamber
with walls approximately 15cm thick served to shield the sample from
background radiation. Specimens of 11 types of soil were studied.
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FIGURE 21, Gamma-~emission spectra of samples from successive half-
centimeter soil layers (curve 1 corresponds to upper layer, curve 2 to
0.5— 1.0 cm layer, etc,).

The gamma-emission spectra of six successive soil layers (each one
0.5 cm thick) from different depths are shown in Figure 21. Inspection of
the figure shows that the spectral composition of the gamma emiiters is
represented primarily by the isotopes Cs!3_. Bal%?m and Cel#— Pri4,
The slight distortion of the 662-kev peak on curve 1 (for the surface
layer) is due to incipient fresh fallout from autumn 1961. The activity
of natural emitters in the ground was taken into account by a comparison

measurement of a relatively deep soil layer (the tenth or twelfth layer),
to which fission products had not penetrated.
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FIGURE 22, Penetration of Cs'* isotope of global fallout in various
soils of central region of Soviet Union (numerals at curves correspond
1o areas and soil types listed in Table 9),

The results of the spectrometer measurements were used to calculate
the penetration coefficients m of isotope Cs137— Bal37= for different types
of soil, according to the formula

A(r) = Age—rmre,

where A(r) and A, are the specific activities of Cs!37 at a depth of r cm and
in the surface layer, and p is the soil density. The penetration coefficients
obtained for several soil types studied are listed in Table 9. Figure 22
shows the variation with depth into the earth of the specific activity of

Cal¥ for some of the soil types in Table 9,
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Chapter IT

GAMMA FIELDS OF SOURCES SIMULATING FALLOUT-
CONTAMINATED LOCALITIES

5. General information. Definitions

When gamma radiation passes through matter, the gamma-ray quanta
may interact with: A)atomic electrons, B) nuclear particles (nucleons),
C) electric fields surrounding charged particles (nuclei and electrons),
and D) meson fields surrounding nucleons. As a result of these interactions,
the following may take place: a)total absorption, b) elastic (coherent)
gamma-ray scattering, and c¢)inelastic (incoherent) gamma-ray scattering,

Each of interactions A through D may lead to any of end results a through
c. Thus there are 12 possible elementary processes [138/. Let us consi-
der the main processes of gamma-ray interaction with matter for the energy
range corresponding to the emission of radioactive products from a nuclear
explosion (fission products and induced activity); this range is from 0.05 to
4.8 Mev /47/.* These processes are: Aa)the photoelectric effect,
Ac) Compton scattering, and Ca) electron-positron pair production. The
effects of coherent (Rayleigh) scattering by bound electrons (process Ab)
on the energy distribution of the gamma emission are minor in the energy
range considered here. The remaining processes play only a negligible
role in interactions between gamma radiation of the given energies and
matter /138/, and thus may be neglected.

A narrow beam of monoenergetic gamma-ray quanta incident upon a
uniform absorber will be attenuated according to the exponential law:

N=Ng™ = Ne™", (39)

where N, and N are the number of quanta in the beam before and after
passing through an absorber r cm thick, and g, is the total atomic cross section
characterizing the exit of gamma-ray quanta from a narrow beam. This
cross section is the sum of the photoelectric-effect section v, the Comptofi-
scattering cross section ¢,, the absorption cross section o,, and the pair-
production cross section %:

Gy =140, 4,4 %,
In (39)u = ng, is the linear coefficient of gamma-ray attenuation for the

given medium (measured in cm~!, if g; is in cm? and n is the number of
atoms of absorber per cm3).

* According to the data of /139/, the upper limit for the gamma-emission energies of fission products is 5.4 Mev.
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As gamma-ray quanta from a radioactive fallout propagate, they are as
a rule attenuated and absorbed in an air-equivalent medium. Consequently,
just gamma-ray interactions in such a medium will be considered below,
The linear coefficients of attenuation u and absorption of gamma-ray
energy p.=p--no, as functions of energy for air are given in /7, 140/, and
in other works.

A gamma-ray flux in a system consisting of a well-collimated point
source and detector is a typical example of a narrow beam. A gamma-ray
flux spreading outward from an isotropic point (uncollimated) source is a
typical example of a wide beam. The attenuation of a wide beam does not
obey an exponential law, and thus differs from the attenuation of a narrow
beam. A wide beam of gamma rays which is singly or repeatedly scattered
may come back into the flux incident upon the radiation detector. Therefore,
the gamma-ray attenuation (due to interactions with matter) will be some-
what less for a wide beam than for a narrow beam, because of the
accumulation of secondary (scattered) radiation. The probability of gamma-
ray scattering is especially high in air-equivalent media. Consequently,
when gamma-ray attenuation in an air-equivalent medium is considered, the
secondary (scattered) radiation must be taken into account, and also its
distribution with respect to energy and direction.

Let us now define the basic quantities which will be requlred in this
analysis /9/. The function

J'(r,Q,E) = EN(r, Q, E) (40)

is known as the spectral-angular distribution (or distribution function), with
respectto energyanddirectionat a point r,for a flux of gamma-rayenergy. Here
J'(r, Q, E)dQdE is the gamma-emission energy in the interval from E to
E+dE for radiation passing through unit area in an element of solid angle
dQ about the direction Q, and N(r,Q, E) is the corresponding distribution
function for the number of gamma-ray quanta,

The quantity

(e E)=[1'(r. Q, E)d2 . (41)

is the gamma-ray energy flux through unit area in all directions (in a unit
energy interval); .

J(r) =Eon(r,E)dE ' C o (42)

is the (energetic) gamma-ray intensity; and
P(r)=fpea(B)Jo(r, E)YAE o (43)

is the dose rate of the gamma emission at point r, where u,(E) is the
linear coefficient of absorption in air of gamma rays with an energy £.
The factor taking into account accumulation of energy of scattered
radiation for a wide beam (energy-accumulation factor) will depend on the
initial gamma-ray energy E,, the distance from the source, and the
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constitution and geometry of the absorbing medium. This factor may be
defined /140/ as:

{Jo(r, E)dE

BE (l‘) = £

E;Jg (r.EydE ' (44)

where Ji(r, E) is the unscattered part of the energy flux at point r.

In the following, reference will be made to the factors B, taking into
account repeated scattering in an infinite homogeneous air-equivalent
medium. When determining the dose rate P of the gamma emission, and
taking into account the accumulation of secondary radiation, the following
dosage accumulation factor B4 /141/ is used instead of Bg:

[ ba (B)Jy (r,E) dE

By(r) ==—— (45)
gua (E)J3 (r,E) dE

The function describing the distribution of gamma-ray quanta is known /9/
to satisfy the kinetic equation of the radiation-transfer equation. Because
of the complexity of the kinetic equation, an accurate analytical solution is
possible only in individual cases, for example, for high energies of the
primary quanta (several Mev), for penetration of the gamma radiation to
very great depths, or for certain other special cases, when the kinetic
equation can be integrated analytically. The greatest number of results have
been obtained for repeated scattering of gamma radiation in infinite homo-
geneous media and with simple source geometries, by solving the kinetic
equation numerically using the method of moments /141/. In recent years
the Monte-Carlo method and the method of random trials have also been
applied to the problem of repeated gamma-ray scattering, even for complex
source geometries /10, 142/ .

Methods of calculating the gamma-quantum distribution function, for
different media and for various source geometries and energies, have been
widely studied; some Soviet studies of this subject are /9, 143, 144/.

6. G_amma‘f'ielvd of isotropic point source

The gamma emission of a radioactive fallout may be a hazard if the fali-
out contaminates the environment. Therefore, it will be advisable to
consider the gamma field which exists under such conditions. As mentioned
above, a fallout results in either a surface contamination of the locality or
else contamination of a thin upper layer of the soil. In the former case the
gamma field is similar to the field around an isotropic plane source, and in
the latter case it is similar to the field produced when plane sources are
superimposed.  The gamma field of an isotropic plane source may in turn
be represented as a superposition of the gamma fields of isotropic point
sources located in a plane.
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For an isotropic point source the overall gamma-ray attenuation factor
includes attenuation according to an inverse-square law. This factor may
be represented as

B(r)ye ™ (4nry)—,

Accordingly, the dose rate P for an isotropic point source of gamma radi-
ation may be written as

kavEp, (E —pr
P(r)= 2Bl B (e, (46)

where r is the distance from the source to the measuring point; % is a
constant which depends on the units used; o« is the activity of the source in
disintegrations per second; v is the number of gamma-ray quanta of energy
E per disintegration; p is the linear attenuation coefficient for gamma
radiation of energy E; pq(E)=no, is the linear coefficient of energy absorp-
tion; and By(r) is the dosage accumulation factor. If Pis in r/hr,

E is in Mev, s andu, are in em-!, and r is in cm, then for an air-equiva-
lent medium # =5.09.10-2r /hr per Mev/{cm® sec) /145/.

Values of the dosage accumulation factor for an infinite homogeneous
air-equivalent medium will be given below. An aqueous medium is usually
taken as the air-equivalent medium in the calculations and experiments.
Water is avery satisfactoryair equivalent, since the interaction cross
sections of water and air, calculated for anelectron. differ by nomore than 1 or
2% in the energy range from 0.01 to 3.0 Mev /138/.

Table 10 lists some values of the dosage accumulation factor B, /139,
141/, These values were obtained by solving the radiation-transfer equation
using the method of moments (in the energy range from 0.255 to 2.0 Mev,
the depth of penetration into matter varied from 1 to 20 mean free paths).
For energies of 0,09 and 0.16 Mev /146/ the values of B; were obtained by
extrapolating the values of By given in the tables in /139/. For most of the
subsequent calculations it will suffice to know the values of B, for depths
up to 7 mean free paths for gamma rays.

Some experimental and calculated values of By for an aqueous medium
are given in Figure 23 for comparison /9, 147 —152/. The solid curves
show the calculated data, obtained by interpolating values given in /141/.
The data points show the experimental results.

TABLE 10. Dosage factors B for water

wr
0 1 2 4 7 10 15 20
E. Mev

0.09 1.013.56|886]3.6]121 305 990 _
0.16 1.013.34 | 814]|27.8]93.4]| 231 693 —_
0.225 1.03.09]|7.14}23.0[72.9| 166 456 982
0.5 1.0252|514|14.3138.8]|77.6] 178 334
1.0 1.0 | 2.13 | 3.71 7.68 16.2 | 27.1 | 50.4 82.2
3.0 1.0 | 1.69 | 2.42 3.91; 6.23| 8.63 12.8 17.0
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8, Inspection of the figure shows
that, for the energy corresponding
to the gamma emission Hg?3

5 A 4 (E =0.28Mev, Figure 23a), the
A5 A experimental values lie somewhat
2 below the calculated ones (below
g ! 2 il 2.5 means free paths pr, the differ-
8s o ence is 20 to 35%) /148/. For the
30 7 gamma emission of Aul®® /148,
2 //D 151/ ( E =0.41Mev, Figure 23b)and
Z Cs137 /147, 149/ ( E = 0.66 Mev,
7 & Figure 23c), the experimental points

are also below the calculated data
(from 2.5 to 6 or 7 mean free paths,

84 the difference is 5 to 14%). For
20 Co® /9,148,150, 155/ ( E;y=1.25 Mev,
w0 /4./ Figure 23d) the experimental values
e - c practically coincide with the calcu-
0 7 7 3 4 5 & ur lated ones (in one place the experi-
84 ol mental values are slightly lower).
’ N The experimental data for the
- gamma emissionof Na2¢( E =2.76 Mev,
4 = Figure 23e) also lie somewhat below
| | d_| the calculated values {10 to 15% be-
7 72 3 4 5 & opr low 8ur) /152/.
84 A study of Figure 23 leads to the
8§ ,// following general conclusion: the
-~ calculated values of the dosage
4 L accumulation factor show a satis-
2 ,// M factory fit with the experimental
= < data for energies from 0.41 to
0 7 2 3 4 5 6 7 ur 2.76 Mev, for propagation depths
FIGURE 23, Comparison between calculated and in water up to 6 or 8 mean free
experimental values of dosage accumulation factor paths (tO within 5 to 15%, which is
for water. within the accuracy limits of the

calculations). For 0.28 Mev the
deviation is greater. In all cases
the calculated values lie somewhat above the experimental ones.

The comparatively meager experimental data on the propagation of the
gamma emission of Co% in an air medium are also given in Figure 23d
/153—155/ (here, data obtained near the interface were corrected using a
factor taking into account the presence of this interface /156/). The figure
shows that, as was to be expected, the values of By for an air medium show
a good fit with the values of By calculated for water.

As noted above, to solve practical problems it is convenient to have
analytical expressions for the dosage accumulation factors. Many different
means of approximating By using approximation formulas have been
suggested in the literature /141, 157/. The majority of these give an
approximation for the experimental values of B; which is too rough, or
they specify a range of applicability {energetic and dimensional) which is
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very limited and does not correspond to the range of interest for the
analytical expression of B,.

A very common expression for the accumulation factor, one which is
convenient for practical calculations, was suggested in /140, 141/, This
function applies to any medium and to wide ranges of energy and penetration
depth. It is represented as a sum of exponential terms:

B,(r, E) = g} A e (47)

where A; and e; are constants calculated for different media and gamma-
emission energies. In practice the sum of the first two terms is sufficient

/141/:

By(r, E) = Aje™* & A" (48)

where A4, =1— A,. Values of 4,, ) and a, for different media and energies
have been tabulated /140, 141/, The main disadvantage of the above formu-
la is its inaccuracy at small gamma-ray penetration depths O<<ur< 2.0,

There is another approximation for the dosage accumulation factor By
which is accurate in the energy range from 0.5 to 2.0 Mev. This is the
formula suggested in /158/:

Bd(r, Ey=1+4pr+ ;PE;): (49)
The disadvantage of (49) is that it is somewhat unwieldy for the solution of
various problems. However, formula (49 ) possesses two advantages over
(48): it is considerably more accurate in the rénge O0<<pr<< 2.0, and
tabulated or graphical data need not be resorted to when it is used (the
gamma-emission energy enters into (49) in an explicit form).

Figure 24 shows the deviations (in percent) of the values of By calculated
using (48) and (49) (curves 1 and 2, respectively) for gamma-emission
energies of 0.5 Mev, 1.0Mev, and 2.0Mev (Figure 24, a, b, and ¢). The
deviations plotted are with respect to the values in Table 10. Forur =2
(Figure 24c) the accuracies of (48) and (49) are about the same, while for
ur< 2 the accuracy of (49) is considerably higher. )

In view of the lack of information on the values of Bg for low pur and the
great importance of this range of distances, let us consider this particular
problem in more detail. In Figure 25, a, b the dosage accumulation factors
are plotted for the energies corresponding to the gamma emissions of
Cs!37 ( E=0.66 Mev) and Co® ( E,,=1.25Mev), for depths of travel away
from the source from 0 to 2.2ur. The data points in the figure indicate
experimental values of By for Cs'%7 /149/ and Co® /148, 150/. The values
of By calculated using formulas (48) and (49) are plotted as curves 1 and
curves 2, respectively. Curves 3 were obtained by interpolating the
calculated values in Table 10. Figure 25b also shows some values of By
for E= 1.28 Mev, obtained using the Monte-Carlo method /156/ (with an
indication of the calculation errors), '
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FIGURE 24. Deviation of values of By, approximated
using formulas (48) (curve 1) and (49) (curve 2), from
tabulated values, for gamma=-emission energies of
0.5Mev (a), 1.0 Mev (b), and 2,0Mev (c).

It is evident from Figure 25 that the calculated values agree satisfactorily
with the experimental data in the range O0<ur<<2.0, for E = 0.66 and
1.25Mev. The approximation curves from formula (49) show a good fit with
the calculated and experimental values. The curves corresponding to
formula (48), however, are not satisfactory in the ranges considered. In the
following, the approximation represented by formula (49) will be used,
provided it does not make the calculations unduly complex,

In some cases it is necessary to know the spectral-angular characteris-
tics of the field of a point source. The results of calculations using the
method of moments or the Monte-Carlo method may be used to find these.
Some examples of calculated angular dosage distributions for an isotropic
point source are given in /6/ for water, concrete, sources of Co® and
Cs!37, and éne-hour-old fission products. The spectral characteristics of
the emission field of such a source in an aqueous (i.e., air-equivalent)
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medium were given in /139—141/. Data on the spectral-angular charac-
teristics were also quoted in /9/. The characteristics for values of ur
and E for which no calculations have been made may be found by interpo-
lation /159/.
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FIGURE 25. Values of dosage accumulation factor for
water (nr<2.2),

Geophysical problems usually involve emission sources which are
located at boundaries between two phases (water and air, ground and air).
Thus it will be useful to consider the effect which the density and atomic
number of the material of the underlying surface has upon the gamma-
emission field of an isotropic point source.

Above an interface between two phases consisting of substances with
different densities and low atomic numbers Z, the gamma-emission
intensity (dose rate) of a point source (measured close to the source, where
pr< 1) will be higher than for a homogeneous medium. The emission
intensity is measured in the layer of lower density (for water-air interfaces
/8/ and ground-air interfaces /153, 156/). The higher intensity is due to
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increased backscattering from the denser phase. Forur> 1 the dose rate
P is less than for the corresponding distances in a homogeneous medium.

If the atomic number Z of the underlying-surface material is high, then
a considerable portion of the scattered radiation will be absorbed in this
material, and the resulting emission intensity will be less than for a
homogeneous medium, Reference / 156/ gives the results of some
calculations, using the Monte-Carlo method, of correction factors K, taking
into account the effects of underlying surfaces consisting of materials with
high densities and various atomic numbers.

The correction factors are defined as a ratio between two quantities: the
dose rate from a source located at the interface between an air medium
and an underlying surface, and the dose rate from a source located in a
homogeneous air medium. Thus

; _ dPynd
Ku(2 B, R, 1 =2 (50)

where Z is the atomic number of the underlying-surface material, E is the
energy of the primary gamma emission, p is the density of the underlying-
surface material, # and [ are, respectively, the height of the detector and
the height of the source above the interface plane, R is the distance between
their projections ontothis plane, dP,y is the dose rate from a point source
with an underlying surface present, and 4P, is the dose rate in the absence
of such a surface.

Correction factor Ku(Z E,p,R, k) is a function of the atomic number Z
and density p of the underlying-surface material, the gamma-emission
energy E of the source, the heights / and # of source and detector above
the interface plans, and the distance R between the projections of source
and detector onto this plane.
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FIGURE 26, Curves of dose-rate correction factors for homo-
geneous medium in presence of interface, for various detector
heights 4, distance R, and atomic numbers Z. Curve 1) k=
100m; 2) A=50m; 3) h=10m; 4) A=1m, for Z=Zy .
Curve 5) A=10m; 6) h=1m, for Z>Zy,0.
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Coefficient K,(R,h,[=0)is plotted in Figure 26 for the interface between
air and a dense medium, for E=1.28Mev /156/, /=0, R<450m,

#h =11t0 100m, and low Z(Z=Zuo) in curves 1 through 4, and for 4=1 and
10m for a totally absorbing medium (Z»Zu,0) in curves 5 and 6. The
density p is equal to the density of water in all cases. .

Figure 26 shows that, as a rule, K, decreases with an increase in R for
practically any Z or k. For low Z the initial values of K are greater than
unity, while for high Z this factor is always less than unity. The under-
lying surface has the greatest effect on the intensity variation at small
heights.

The calculated values of Ky given in /156/ for low Z have been verified
experimentally /153 —155/; these pertainto the energy of Co8% (E,y=1.25 Mev),
In /180/ the values of K, for the gamma emission of Aul®8 ( £ = 0.411 Mev)
and low Z were determined experimentally, Table 11 lists some experimen-
tal values of K, for £=0.411 and 1.25 Mev for different values of
4R (land h are 1m, and the interface is between ground and air)., It is
clear from the table that as £ varies from 0.411 to 1.25 Mev the change in
Ky is insignificant (within the limits of experimental error, since the
values of K, for E=1.25Mev obtained by different investigators vary more
from one another than the values of K, for E=0.411Mev vary from any
of them),

TABLE 11, Values of K, for ground-air and water-air interfaces

E=0.411 Mcev | E=1.25 Mev E=1,28 Mev
R /160/ /153,154/ 156/

Lo 0.91 0.93 0.86

2.0 - 0.75 0.72 0.76

3.0 0.65 0.59 0.67

4.0 0.59 0.50 0.62

5.0 0.53 0.44 0.58

6.0 0.50 0.40 0.55

In addition, Table 11 lists some calculated values of K, for a water-
air interface for E=1.28Mev /156/. These values are practically
identical to the experimental values obtained for the ground-air interface.
Consequently, the values of K, calculated for E=1.28 Mev (Figure 26) for
the ground-air interface and for other, lower energies can be used without
introducing any significant error. Some experimental data on the angular
distribution of the dose rate from an isotropic point source (Co®), at a
ground-air interface, are given in /153/,

Analytical expressions for correction factor Ku, for interface of air-
equivalent media, are given in /161/, together with expressions for the
angular distribution of the dose from an isotropic point source.
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7. Gamma field of isotropic plane source. Dose rate
and emission density

Let us now consider the basic characteristics of the gamma-emission
field of an isotropic plane source. The source is assumed to be in an
infinite homogeneous air-equivalent medium having a constant surface
density of contamination. This source may be, for example, an infini-
tesimally thin film, covered uniformly with a gamma emitter and located in
an infinite air medium.

First, it will be convenient to consider the integrated characteristics:
the dose rate and the intensity of unscattered gamma radiation above the
source. The dose rate P at an observation point above an isotropic plane
source (film) is found by integrating, over the entire plane, the contributions
dP of source elements located in this plane. Let us take as our source
element an elementary area dS, covered with a monochromatic gamma
emitter having a surface concentration ¢ (here and in the following, o will
be expressed in units of energy, for example, Mev/(cm?.sec)). The dose
rate d P at a distance r from the area element will then be

dP(r, Ey = 2288 = B (1, E), (51)

4nr

where E is the energy of the primary gamma emission, % is a constant
depending on the measurement units used, o, and x are linear coefficients
of gamma-ray absorption and attenuation in air, and By(r, £) is the dosage
factor taking into account the contribution of the scattered gamma radiation
to the total dose rate., In the following calculations, the analytical
expression for By(r, E) given informula (49) will be used.

Let us set dS=rdrdy and integrate over ¢ from 0 to 27 and over r from £
to r,. We now obtain the following expression for the dose rate P(k)s, from

an area of radius R,=) r2—#* measured at a point having a height # above

the center of the emitting area:

P(h)m=’”—;“[£,<ph>—£,<pwz+h2 >+

e—rh 2.4 e—"'l R% +#
o (B ) —

+ (1+

752.4
+7E2"+;LVR%+h“)]- (52)

TFor an area with an infinite radius (Ro=), equation (52) simplifies to

wh

Pt =22 B, )+ 57 (1 4 78 )] (53)

—_— e—
2 7E2*

Tn formulas (52) and (53), E (x)=—Ei(—x) is an integral exponential function.
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If the dosage factor is expressed by formula (48), then the dose rate
above an infinite plane source can be written as /162/

2
kas,
P(). =27 SVAE, (), (54)
i==1

where u; =(1 +a;Ju. and 4,=1—A4,,
Formulas (53) and (54) can be rewritten more concisely as

mm:%«ﬁmh (55)

where

o

Gm=§

h

—wB,(r, E
L e ) dr.
r

(56)

Figure 27 shows the percent deviations of the values of G(#) obtained
using the approximate dosage factors from formula (48) (curve 1) and
formula (49) (curve 2), as compared with the values of G(#) obtained by
numerical integration of the known tabulated values of the dosage factor
/ 139/ according to formula (56). The energies considered were from
0.5 to 2.0 Mev.

It is clear from Figure 27, a and b, that for an air-equivalent medium
formula (49) provides a considerably better approximation than (48) does,
for energies from 0.5 to 1.0 Mev and for 1 <<h<300m. For energies
above 1.0Mev (Figure 27c) the approximations of the dosage factor using
formulas (48) and (49) are about equally accurate.

TABLE 12, Values of Ky 4, (k) for various energies

ko m
1.0 5.0 25 100
E, Mev
0.09 6.66 5.10 3.03 1.0
0.16 5.98 4.53 2.76 1.0
0.255 5.68 4.07 2.57 1.0
0.5 5.86 4.06 2.48 1.0
1.0 6.03 3.95 2.39 1.0
2.0 5.38 3.62 2.25 1.0
(continued)
h, m
200 300 500 1000
E, Mev
0.09 2.16:10—1| 4.72.10—2 —_ —
0.16 2.80-10—!| 7.62-10—* — —
0.255 3.26-10—1 — 9.43.10—2| 1.69-10—8
0.5 3.75-10—1 — 2.17.10—2| 1,43.10—¢
1.0 4.12.10—! — 4.06-10—2| 8.28.10—4
2.0 4.66-10—! — 7.17-10—1] 3.96.10—3
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FIGURE 27, Deviations of values of G(#) approximated
using (48) (curve 1) and (49) (curve 2), as compared
with tabulated values, for energies of 0.5 Mev (a),

- 1.0Mev (b), and 2.0 Mev (c),

The values of G(h)/G(H =100m) =K;r=i100(h) obtained by numerical
integration using formula {56) are listed in Table 12 (for 4 from 1 to 1000m
and for E, from 0.09 to 2.0 Mev).

TABLE 13, Averaged values of height conversion factors K (h)

#,m 1 10 25 50 100 200
Ky (h) 1 0.57 0.41 0.29 0.17 0,07
Ko () | 5.8 3.3 2.4 1.7 1.0 0.40

Table 13 gives some values of the height factors Ky(k) for H=1 and
100m, averaged over the energy range from 0.255 to 2.0 Mev.

Finally, Table 14 lists some values of B for different values of E and
Kk [9/, for water and for Ry=o (plane source).

Curves for P(h)p/P(h)» as a function of the test-area radius R for various
heights » have been plotted in Figure 28. The energy in this case is 0.7 Mev,
the average gamma-emission energy for the products of an atomic explosion.
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TABLE 14, Values of dosage factors for isotropic plane source

ph
1 2 4 7 10 15
E, Mev
0.5 4,74 8.71 20.6 50,3 94.5 205
1.0 3.34 5.24 9.98 19.8 31,9 56.8
2.0 2,57 3.60 5,87 9.78 13.9 21,3
3.0 2,23 3.03 4,55 7.00 9,62 13.9

Using formulas (52) and (53) it is possible to determine the fraction e,
of the total dose rate from an area of infinite radius, contributed by an area
with any radius R. The radii of areas contributing equal portions of the
total dose rate at an observation point less than #=200m high will depend
slightly on the primary energy of the gamma emission. These radii will
not differ by more than 20% in the energy range 0.5 <<E< 1.5Mev, for
a < 0.8.
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FIGURE 28, Ratio P(h)p/P(h), as a function of the test~area
radius R for various heights and for £=0.7Mev,

At energies from 0.5 to 2.5 Mev and for contaminated areas with radii
greater than 500m, formula (53), derived for an area of infinite radius,
can be used in practice for heights up to #=200m. The errors introduced
by using this approximation will not exceed 10%.

If the plane is covered with a mixture of » monochromatic gamma
emitters, the dose rate P; (k) at a height # above the source will be

2

ke "
Pu) = 5 N0y EiCuh) ¢
=1
e 2.4
+ —,Eﬂ‘(l 4-7E; " + F,-h) , (57)

where o, is the density of contamination by the mixture, in Mev/(cm?.sec);
g; is the fraction of the total gamma-ray energy (emitted by the contaminated
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surface) contributed by gamma-ray quanta of energy £;; and o,; and u; are,
respectively, the linear coefficients of energy absorption and attenuation,
in air, for gamma radiation of energy E;.

TABLE 15, Dose rate at height of 1 m ahove surface with contamination density of 100 mcuries /km?

. L 2 Calculated dose rate, p r/hr
Radioactive isotopes |q, Mev/(cm>sec)*
7163/ /164/ 19/ /165/
Zr* + Nb% 0.28 1.40 0,93 1,30 1.30
Rul®® 0,164 0,83 0.62 0.90 0.90
Rul% (ghl%) 0.070 0.35 0.25 0,33 0.31
CsM + ot 0.20 1.00 0.74 1.05 1,05

*  Values of « calculated using data in /7, 166/,

The material in this section pertains to contamination by a monochro-
matic emitter; however, it is easy to extend it to include contamination by
a mixture of different emitters as well, '

Table 15 lists some calculated dose rates 1m above an isotropic plane
source covered with radioactive isotopes, the latter being very spread out
due to global fallout (surface concentration of emitters equal to
100 mcuries/km? /163/). For comparison, the dose rates for these same
conditions, quoted in /164, 165/ or computed using the formulas of other
investigators /9/, are also listed in the table. The agreement between the
values calculated in /9, 165/ and those calculated by us /163/ was found to
be good (the data in /164/ are apparently erroneous).

When calculating the dose rate P using formulas (53) and (54), coefficient
¢ may be taken to be 5,09-10"2 —‘/-ﬂ-, provided P is in r/hr, o in

hr cm?® sec

Mev/(cm?.sec), and o, in cm~! [/145/.

Now let us assume that n layers of absorbing material, each having a
thickness #;, lie between the isotropic plane source and the observation
point. The different layers have the same atomic composition but
different attenuation coefficients u;. In this case formula (55) becomes

P(h) = %[c0<2 m-h)], (58)

that is, for a stratified medium the dose rate P(k) does not depend on the
vertical linear dimensions of the absorbing layers /167/, but only on the

h
integral g p(h)dh, where p(h)is the varying density of the stratified medium

(according to height), Thus we can write

P(h) = L2 [a,,o ({%}o fp(h) dh))], (59)
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where {u/p}e is the mass coefficient of attenuation for a medium with the
given atomic composition.

The intensity of the unscattered gamma radiation above an isotropic
plane source covered with a monochromatic emitter will be

_ of (uh)
J(H)e = ——.

Hence

o= 2] J(h).dh. (61)
[

Let us consider further the effect which a dense underlying surface (that
is, an interface between two substances of different density) has upon the
gamma-emission field of an isotropic plane source. The dose rate for a
plane source, taking into account an underlying surface, can be found by
integrating (over the entire plane) the equation

dPund = dPK,,

where dPyng and dP; are the dose rates from an area element of the source,
in the presence of the underlying surface and in its absence. Here K, is
the correction factor for the dose rate from an isotropic point source
situated at the interface between two media (see Section 6).

This relation was integrated numerically to determine P ,,,, using the
values of Ky /156/ for low Z, equal to Z 4 for water, Figure 29 shows
the curves of P(h)p/P(h)« for an isotropic plane source and an energy
E =1.25Mev, in the presence of an underlying surface (solid curves) and
without an underlying surface (dashed curves). The underlying surface is
found to have some effect on the dose rate above an emitting disk, especially
for low 4. However, the distortion of the curves for a homogeneous medium,
due to the presence of the underlying surface, does not exceed 15%. For
high 7, this effect is considerably less.

The dose rates for an infinite plane source providing uniform contami-
nation are practically the same, with or without an underlying surface:

JdP oy = §dPy

s

(with an accuracy up to 2 or 3% for numerical integration). This same
result follows automatically from /167/ for stratified media (with equal Z
for both substances).

If the contamination is nonuniform, the dose rates above a plane source
may differ somewhat, depending on whether or not there is an underlying
surface. However, for actual contamination gradients this difference will
be only slight.

Using the data in Table 15, it is not difficult to calculate the dose rate
from a mixture of fission products (global fallout) at a height of 1m., The
amount of fallout (from a nuclear explosion) onto the locality was taken
from /168/. For an average strip (40—50°N) of the Soviet Union, the
composition of the gamma-emitting products was: Ca'4t + Pr!44,
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630 mcuries/km?; Sb!?5, 47 mcuries/km?; Rul!%® + Rh'%, 410 mcuries/km?;
Cs!37, 95 mcuries/km?; and Zr% + Nb%, 550 mcuries/km? (on 1 July 1963).
Calculations according to the scheme indicated above give a fallout-caused
dose rate of 11.5 u/hr. Taking into account some penetration of

isotopes into the soil, as well as the effect of the microrelief, this figure
drops to 7 or 8 u/hr.
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8. Spectral and angular distributions of gamma emission
from isotropic plane source

In the previous section we considered the dose rate and the gamma-
emission intensity. These characteristics of the gamma-emission field
were found by integrating the distribution function F(/.th, Eo, E, ) for the
emission of an isotropic plane source, with respect to direction o and
energy E(o=cos 6%*), By integrating the above function with respect to
only one variable, it is easy to obtain either the spectral or the angular

FIGURE 29. Ratio P(h) p/P(h)_ for E=1,25Mev as function
distribution of the emission:

Jy(eohs Ey E) =jllF(poh, E,, E, w)do; (62)
Li(poh Eg E) = p,(E) Jy (poh, E,, E); (63)
o (oeh, Eor ©) =Of°F(poh, E,, E, v)dE; (64)
Iy (uoh, Es, w)=°f° vo(E) F (soh, Eo, E, w)dE, (65)

* Here 0 is the angle between the normal to the source plane and the direction of an area element dS (from
the observation point),
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where J, and [, are the spectral distributions of the intensity or dose rate,
and J; and [, are the angular distributions of the intensity or dose rate (for
the gamma emission of an isotropic plane source).

The integration of (62) through (65) may be carried out over any limits
(Ei, E;) and (w), w2). It is very important in practice to know the spectral
and angular distributions, first of all in order to determine the biological
hazard at any point, and secondly in order to determine many properties
of the source over the emission field. Let us now consider briefly the
comparatively small amount of existing material on the spectral and
angular distributions of the gamma emission of an isotropic plane source,
in air or water. Some of the data are calculated and some are experimental.

The angular distribution was obtained /169/ by the method of moments
for E,=1Mev and for the range from 0.477 to 0.864Mev. The curves for
Moh =1 are shown in Figure 30 {for a surface densityof 1 quantum/(cmz-sec)).
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FIGURE 30, Angular distribution of gamma quanta above
isotropic plane source, for ugh=1and £=1Mev,

The spectral-angular function F for scattered radiation from an iso-
tropic plane source (Cs!®, with E,=0.66 Mev) for uyh from 0.5 to 2 was
given in /170/. The spectral gamma-ray distribution in an air medium
over an isotropic plane source can be obtained quite easily by integrating
the spectral function for an isotropic point source (same medium) over the
entire plane, Spectral intensity distributions over a plane, obtained in
this way, were studied in /171, 172/.

Some calculated differential spectra of the gamma radiation over a
plane, uniformly covered with fission products of various ages, are given
in /173, 174/. Data on the angular distribution of the dose rate for emission
from a plane source are given in /6/. Figure 31 shows this distribution
! (h, ©) in air at different heights above a source contaminated with fission
products 1,12 hr old. The function was so normalized that

+1
[ 1(h=1m, o)do=1.
=1
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The above function can be used to calculate any dosage characteristics for’
a plane source,

Figure 32 shows the variations of L {u,h, Q), the portion of the dose
rate contributed by the radiation arriving at the measuring point within a
solid angle Q=1—cos ¢, where a is the half-angle of opening of the cone
from which the observations are made (at different heights). The curves
of L{uyh Q) reach unity only for Q=2. The distribution of gamma-ray
quanta according to energy and direction in the air over a region of radio-
active fallout was discussed in /174, 175/.
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FIGURE 31, Angular dose-rate FIGURE 32, Portion of dose rate above plane
distribution for gamma emission source recorded in solid angle Q (relative to
of isotropic plane source, total dose rate recorded by isotropic detector),

Some studies include experimentally obtained spectral-angular distri-
butions of the gamma emission, in addition to the calculated data. Differ-
ential energy spectra of the gamma radiation over an artificial model
[ simulation] of an isotropic plane source are givenin /176, 177/. The
model consisted of an arrangement of point sources of gamma emission
(Cs'¥, EF=0.66Mev or Cof, E,,=1,25Mev)on the earth's surface. In
Sections 10 and 11, the results of our simulation experiments willbe discussedin
detail (some preliminary data from these experiments were presented in
/177/). Data on the spectral-angular distributions of the gamma emission
for Crs! ( E=0.32Mev), Sbl?¢ (£,=0.603Mev, E,=1.69Mev, E4=2.09Mev),
and Co® ( E,=1.17Mev, E,=1.33Mev) will also be given.

The differential energy spectrum of the gamma emission over an iso-
tropic plane Cof® source is given in /178/. This spectrum was calculated
using experimental data obtained in spectroscopic measurements of the
emission of a point Co%° source.

Data on the spectral-angular distributions have also been obtained by
measuring the gamma radiation over sites contaminated by nuclear
explosions /171, 179, 180/. Figure 33 shows this distribution at a height
of 1 m over the region comtaminated during the American "Teapot"
test of 1955 /179/. The contributions to the dose rate
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made by radiations of different rigidities, for the 'Bravo'' test of

1954 /171/, are shown in Figure 34. The vertical dashed lines in
Figures 33 and 34 indicate the contributions of individual isotopes (in per-
cent of total photon flux) to the gamma emission of the fallout for these
explosions; these were determined by analyzing fallout samples collected
at the site.
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FIGURE 33, Spectral-angular distribution of gamma-ray quanta at
height of 1 m above site contaminated during "Teapot" test /179/,
Angles next to spectra are reckoned from vertical line directed
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FIGURE 34, Contributions to dose rate of radiations of
different rigidities, at height of 1m above site contami=
nated during "Bravo" test,

Some gamma-emission spectra taken at different angles to the horizon
are given in [180/. This emission was over a site contaminated during the
"Small Boy'" test in 1962,
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9. Gamma field of three-dimensional source

Let us consider a volume element with a volume contamination ¢,(2),
enclosed between planes z and z+dz, in an emitting, absorbing medium 2
(Figure 35). The dose rate from this source
element, measuredat point C in absorbing

L medium 1, is assumed to be the same as the
dose rate for an infinite isotropic plane source
4 with a surface contamination
h Medium 1 a,(2) = o, (2)dz. (66)
Ro It is now easy to obtain the dose rate from a
/ 2 aedium 2 thrge—dimensional (volume_) source, simply
dz by integrating over the entire layer z the
' expression for the dose rate from a plane
FIGURE 35, Positions of observa= source.
tion point and emitting=absorbing It will be convenient to calculate the
media, for derivation of formula penetration of gamma-ray quanta through

for three-dimensional source. several layers of material which differs in

density but has the same or nearly the same
atomic number throughout. We assume that
the attenuation coefficient for the given initial gamma-emission energy is

g’pmdr = (r) et (67)

Uniform contamination is considered, so that

a5 (2) = const,

In an absorbing medium the dose rate from an infinite emitting-absorbing
layer ‘half-space), for example, the dose rate in air over uniformly
contaminated water or land, is

Po(h, 4o=nf2, 2= w>=k;—$'-[ez(ph>+

h
+(1 - )e’“"+ 0+ ph)]=

7E%* 7E
7). (68)

where h is the height of the measuring point above the emitting medium, v
is the angle subtended by the emitting layer at the observation point (for

a half-space, ¢ = 7r/2), k is a constant depending on the choice of units,
o, is the linear coefficient of absorption of gamma-ray energy in air,

Hg and 4 are the linear coefficients of attenuation (medium 2 in Figure 35)
and absorption (medium 1), respectively, and E,(x)=e™*—xE(x) is the
tabulated King function /146/.

__ k%% 4 a—bh 2+
= A [Ey ) + € (1455
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Analogously, it is not difficult to obtain formulas giving
Pv(h, ¥, 2z,) for %,< =/2andz<oo.

For o=m/2, up to heights of 200m in the air, about 95% of the dose rate
from an infinite dense emitting layer (water or land) can be attributed to
the emission from a surface layer only about six mean free paths (for
gamma rays) thick, thatis, for z=~6ur. For water this layer will be 70
to 80cm thick, and for land it is 30 to 40cm thick (at E=1.0Mev).
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FIGURE 36. Variation of dose rate with height above vol-
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Figure 36 shows the variation with height of the gamma-ray dose rate
Pv(h)/P*(h=1m), calculated using formula (68). The source is water
contaminated uniformly with: Na?* isotopes ( E, =1.38Mev, E,=2.76Mev),
curve 1; Cof? or Feb? isotopes ( E;y=1.2Mev), curve 2; and a gamma
emitter with an energy of 0.8 Mev, curve 3. The figure also gives the curve
for an isotropic plane source (curve 4), for comparison.
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Whereas the dose rate Pv above a three-dimensional source is a
function of the source density (since y, enters into formula (68)), the shape
of the height curve does not depend on this density. Accordingly, the
shapes of the height curves for contaminated ground with different densities
will be the same as the shape of the height curve for contaminated water
(on condition that the contamination has the same gamma-emission
composition).

Figure 37 shows P»(h)p/P?(h). as a function of the radius R for a three-
dimensional source with a layer thickness of more than 6 ur for different
heights and for a gamma-emission energy of 1.0Mev (solid curves). The
curves of Ps(h)s/P*(h) - for a plane source ( 4=1 and 200m) are also shown
in this figure (dashed curves).

A comparison of the above curves indicates that the effective radius
of activity of a three-dimensional source is considerably less than the
activity radius for a surface source, especially at low measuring heights.

If the point of observation is at the interface between the emitting and
absorbing media (that is, if A =0), then it follows from (68) that

v kays, I 69
F Po (1+ 752'4>, ( )

where £ =5.09-10"2 "L/—I\—A;L/145/. For any air-equivalent medium

hr cm’.sec

) is practically constant over a wide range of

1
the quantity 2 (1 + ——
quantity F( 7E 2.4

energies and is equal to about 0.5. Accordingly, formula (69) simplifies to '

Pu%fo—. (70)

If the contamination of the layer is nonuniform (with respect to 2 ), the
dose rate above the layer can also be determined by integrating the dose
rate from the infinite number of plane sources constituting the three-
dimensional source. However, in this case the concentration of the radio~
active contamination of these sources does not vary continuously.

Let us consider the case which is most important in practice, namely
volume contamination for which the activity diminishes exponentially with
depth:

% (Z) = Oy, e-—-mz, (7 1 )

where o,, is the volume concentration of the surface layer, and m is a
constant characterizing the rate of decrease of concentration with depth.

As mentioned previously, such a source is created some weeks (months)
after radioactive products fall out onto a region, as a result of their
penetration into the soil, For different soils and times after fallout, m
may range from 0.3 to 6 cm?/g (see Section 4). In this case (for o= 7/2)

Pot) = 2272 (Ey(uh) — € By o) +

sesten i (e ] (72)
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where 8 =1+ -:L and all the other symbols are as previously.

0
The intensity of the unscattered gamma emission in air from a layer of
infinite thickness and size 'half-space with constant concentration o, ata
height #)is equal to the emission intensity of a plane directional source
with a surface concentration of contamination equal to o, cos 8, where

gy = —::—" (here Mgy is the linear coefficient in the emitting medium), and o is
0

the angle between the normal to the surface and the direction of the emitting
surface element /181/:

J(h) = 52 Ey(wh) (73)

¢ being the linear attenuation coefficient in air.
For volume contamination, with an activity that diminishes exponentially
with depth, the intensity of the unscattered radiation can be expressed as

() = g [Ey (uh) — " £, )] (74)

Now it is easy to obtain the spectral and angular distributions for an infinite
three-dimensional source, by integrating the analogous distribution for an
isotropic plane source with respect to z. Figure 38 shows a differential
spectrum obtained in this way, for the gamma emission in air at a height

of 25m above a three-dimensional source (land or water) having radioactive
Na® isotopes uniformly distributed throughout it ( E, =1.38Mev,

E; =2.76 Mev). Some spectra above a three-dimensional source, also
obtained in this way, are given in /172/, for various heights and gamma-
emission lines,
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FIGURE 38. Differential spectrum of gamma em-=
ission in air above threc-dimensional source having
Na% isotopes distributed uniformly throughout i,
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10. Gamma field of artificial model of fallout

The calculations of gamma-emission characteristics made in the fore-
going sections pertained to idealized conditions. Consequently, they involve
certain simplifications and do not take into account the variety of actual
conditions existing when radioactive contamination of a site takes place. We
constructed an artificial model [simulation] of the surface contamination of
a locality, in order to make an experimental study of the gamma-emission
field.* This made possible an investigation of the intensities of the direct
and scattered radiations, the spectral-angular distribution of gamma-ray
quanta, and the relation between these characteristics and the concentration
of surface contamination under actual conditions.

TABLE 16. Some characteristics of fallout=simulation areas

Calculated dose
Surface rate, without
8 4 density of taking microre=~
Z o) -4 0 o . . N .
= ' k=) 5 5 5 contamination | lief into account,
. 4 5 I Z 2 S B pr/hr
5 g |53 T 18 5 |% 7%
g = = ] & “ M - © o
E g R e - o ’_ga a2 8 o
54 S) o~ @2 )
5 L, < lEBlE L 1S B |EBIEEE | % |2 2
s | 2| % |s8 |Eg|sE | sl £ E | & |z
£ o 2 s 128|815 | -al-g) 3 S | ® g
g & 20 S = S | E9|o& <sT | = 8 © > ° 2
< = E L 8 5 & 29 [=E 58|05 o 5 C E|E S
O s = =] o& |Ag |BF% |65 | 8 5 = T l=A
co® 5,24 1.17 1.25 1.0 500 14.2 1000 | 5.3 27 250 1150 200
years | 1,33 1.0
sbt# 60,9 | 2.09 |1.03 [ 0.07 480 | 30 192 | 4,84 | 26,7 | 161 870 | 150
days 1.69 0,52
0,603 1.0
cr! 27.8 0,32 [0.32 0,09 500 35.4 148 | 9,0 46 4.9 40 T
days

The simulation was carried out by distributing a large number of point
sources (these emitted gamma-ray quanta of various energies) uniformly
over fairly large areas of the earth's surface (up to 500m in diameter).
The gamma-ray energies were so selected that their range corresponded
to that of the emitters producing surface contamination from the fallout of
a nuclear explosion.

Three gamma -ray emitters were selected for the simulation experiment:
Co%°, Sbl24, and Cr5!, Table 16 gives a brief description of these emitters,
together with the corresponding dose rates above the test areas studied.

* Measurements of the gamma-emission characteristics above an artificial model of surface contamination
are described in greater detail in the collection of papers: “Voprosy aerogamma-s" emki mestnosti,
zagryaznennoi radioaktivaymi vypadeniyami” (Aerial Gamma-Emission Surveys of Sites Contaminated
by Radioactive Fallout), Edited by Yu. A, Izrael', —Moskva, Gidrometeoizdat (in press).
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One thousand Co® point sources, having a total activity of 5.3 curies,

were distributed throughout area 1 (diameter 500m). The sources were
placed at the nodes of a tetragonal (arbitrary) network with squares 14.2m
on a side. To make measurements on the ground more convenient, the
central source was replaced by 100 sources (each 100th as strong as the
primary source) located at the modes of a tetragonal network having squares
1,76 m on a side,

In area 2 (diameter 480m), 192 Sb!? sources were placed at the nodes
of a tetragonal network having squares 30m on a side. In area 3 (diameter
500m), 148 Cr%! sources were placed at the nodes of a tetragonal network
having squares 35.4m on a side. The test areas were selected on a dry
steppe where the grass cover was slight. Before the sources were
positioned, the areas were carefully leveled, in order to evaluate later the
effect of the microrelief on the experimental results. With this in mind,
the Co® and Cr5! sources were placed in thin Dural holders, so that it was
possible to mount these sources in two positions: at heights of 20 to 30 cm
and at the level of the ground {as desired).

The results obtained from the measurements with the source holders
20 to 30cm above ground were taken as a reference, corresponding to an
ideally even surface (provided the slight effect of the microrelief on gamma-
ray scattering by the earth's surface is neglected). The Sb!?4 sources were
placed directly on the ground, at the nodes of the network.

The parameters of the gamma-emission field above the test areas were
studied by means of instruments carried by an MI-4 helicopter. The heli-
copter had a gamma-ray roentgen meter and a gamma-ray spectrometer
aboard. The latter consisted of an AI-100-1 analyzer with two scintillation
detectors. The first detector consisted of an Nal (T1) erystal 100X100mm
in size and an FEU-49 photomultiplier; its resolution was 11.5% for the
gamma-emission line at 662kev (Cs!37+Bal3"»), The detector was used
without a shield.

The second detector consisted of an Nal(Tl) crystal 70X70mm in size
and an FEU-52 photomultiplier (11% resolution). This detector was placed
in a special steel shield with walls 10cm thick, making it possible to study
the spectral-angular distribution of the gamma-ray quanta. The shield was
80 constructed that the gamma radiation arriving at angles of 15, 30, 45, §0,
75, and 90° (here the half-angle of opening of the cone is referred to, that
is, the angle between the generatrix of the cone and an axis perpendicular
to the earth's surface) could be measured. A diagram of the shield is
shown in Figure 39. As noted previously, the intensities of the direct and
scattered radiations were investigated over all three test areas, During
the measurements, the readings of the radio altimeter and roentgen meter,
and the exposure time of the gamma-emission spectrum, were recorded
continuously on tape. To gather the required statistics, the helicopter made
from three to eight passes over the centers of the test areas, at speeds
of 40 to 60km/hr (against the wind, to reduce the relative velocity).
Flights with the spectrometer having the 100X100mm crystal were made:
over area 1 (Co®) at heights of 5, 10, 20, 30, 50, 80, 110, 150, 200, and 250m:
over area 2 (Sb!?*) at heights of 5, 10, 20, 30, 50, 80, 110, and 150m; and
over area 3 (Cr5!) at heights of 5, 10, 20, 30, 50, 80, 110, and 150m.
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FIGURE 39. Shield used to measure spectral-angular character=
istics of gamma emission,

Table 17 lists some ratios of the energy intensities from an isotropic
disk-shaped plane source (R = 250m) and an infinite plane source, at
various heights. These results were obtained by interpolating the data in /9/
and by using the formulas of /163/ for the emission of Co® ( E,y=1.25Mev).
The heights quoted are in meters of standard atmosphere (ISA). The table
also includes the ratios calculated just for the component of unscattered

radiation.

TABLE 17. Ratio of energy intensities from finite and infinite sources

Height above center
of field, m

Ratio of energy intensity from disk with R=250m to
intensity from infinite plane source

for sum of direct and
scattered radiations

for direct radiation

20

30

50

70

110

150

1\ 200
’ 250

0,95
0.9

0.85
0.8

0,75
0,62
0.53
0,45

0.96

0.92
0.82
0,76
0,72
0,62
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It was found experimentally /176/ that a 600-meter tetragonal network
is not a good enough approximation of an infinite source for heights >150m,
at energies of 1,25 Mev (Co®) or above. With respect to the fields pro-
duced by us ( R =250m), Table 17 shows that for heights above 100m the
scattered and unscattered components may both be more than 20 to 25%
too low, in comparison with the radiation from an infinite plane source.
However, for heights below 50m this error is less than 15%. The errors
in measuring the direct radiation are always lower than those for the total
intensity.

It should be noted that the finiteness of the field introduces errors making
the results too low (that is, the intensities of both the direct and scattered
radiations are low, albeit not by the same amount). Consequently, in a
working model, the spectrum at great heights will be enriched in its
unscattered component in comparison with an infinite plane source.

However, the variation of the ratio between the intensities of the direct
and scattered radiations, due to the finiteness of the test areas, has almost
no effect on the shape of the scattered-radiation spectrum. This follows
from the theoretical calculations in /172/ for the spectra above an infinite
isotropic plane emitter with an initial energy E,=1Mev, which showed that
the shape of the scattered-radiation spectrum essent1a11y does not change
beginning at heights #=50m ISA. It was also concluded /9/ that the rela-
tive spectral distribution of scattered radiation established at distances of
2 to 4uhk from a plane source varies little when there is a further increase
ofun,

All the foregoing goes to show that, with certain reservations, the re-
sults can be interpreted using the spectra obtained at all the heights
indicated. Since the shapes of the spectra are not affected, it is only
necessary to introduce appropriate corrections for the intensities of the
direct and scattered radiations.

When measurements are made from a helicopter flying over the test
area,a’ frlnge effect’' is observed as the helicopter moves away from the

center, that is, there is a distortion of the field as the edge of the test
area is approached. However, in order to gather enough statistics, and at
the same time not to make too many passes, which leads to additional
instrument error, the measurements made during each pass should be as
protracted as possible.

A coefficient K, representing the ratio between the dose rate above any
point on an isotropic emitting disk and the dose rate above the center of the
disk, was calculated in /6/, the height of the detector being the same in
both cases. In /6/, K was calculated for the emission of Co® and for
various values of u Ry, d/R,, and A/R,, where u is the linear attenuation
coefficient for gamma rays, Ry is the disk radius, 4 is the distance from
the center of the disk to the projection of the detector onto the disk plane,
and % is thé helght of the detector. The nature of the variation of X will
be governed by'the nature of the variation of the dose rate above a disk-
shaped isotropic source. When K (for uR,=1.78)is plotted as a function
of d/R, (for d<R,) for H=60m ( H/Ry~0.25)and H=250m (HIR,=1.0), the
fringe effectis found to distort the dose rate at distances d< 0.8 R, by, on
the average, less than 10% for H=60m and less than 15% for H=250m.

In the measurements over the test areas these conditions were satisfied,
The spectrum was taken only for periods when the intensity, as recorded
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on the automatic recorder, was essentially constant. Under these condi-
tions, the exposure time for a single pass was about 30 or 40 seconds,
given a helicopter ground speed of 40 or 50 km/hr,

The measurements at a height of 5m were made with the helicopter
hovering over the center of the test area. By landing in the center of the
field of Co®? sources, it was possible to obtain recordings for a detector
height of only 1m. For heights less than A =10m above the test area for
Co® and less than 20 to 30m above the test areas for Sb!?% and Crb!, the
field nonuniformity due to the discontinuity of the emitters (discrete
sources) begins to have an effect.

A, rel.un.

!

i 1 )
[ 300 1000 £Ekev

FIGURE 40, Measured gamma-emission spectra over test area
simulating Co® contamination of ground (isotropic detector).

The effect which the discreteness of the sources has on the dose rate at
a height H=1m was checked experimentally for all three test areas, using
a portable radiometer. The ratio between the dose rate directly above a
source and the dose rate at the center of an elementary square of the net-
work was 23.7 for Co®, while for Sbi?4 it was 83.5. In order to reduce the
nonuniformity of the field, a central region with 100 times as many point
sources in it was created in the Co®® test area. The helicopter landed in
the middle of this smaller region, in order to make measurements on the
ground. Consequently, the hovering at H=5m above the field of Co80
sources was also carried out under conditions of satisfactory uniformity.
At higher altitudes the nonuniformity of the field was sharply reduced,
until, at a height equal to the distance between sources, it was practically
nonexistent.
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FIGURE 41, Measured gamma-~emission spectra over test area simulating $b'¥ contamination

of ground (isotropic detector).
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FIGURE 42, Measured gamma=-emission spectra over test area simulating C*! contamination of ground (iso-

tropic detector),
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The foregoing must be taken into account when analyzing and interpreting
spectra obtained using isotropic scintillation detectors with NalI(T1) crystals
100 X 100mm and 70 X 70mm in size, above test areas with Co%, Sb124
and Cr% sources. Some such spectra are shown in Figures 40 through 42.
The gamma-emission spectra over the Co® test area are plotted in
Figure 40 (for 4 from 1 to 250m), the spectra over the Sbl?4 test area are
plotted in Figure 41 (for h from 10 to 150m), and the spectra over the Cr5!
test area are plotted in Figure 42 (for 4 from 10+to 110m); for all these a
100 X 100mm crystal was used.

The lines of Co% (1.17 and 1.33Mev), Sb24 (0,603, 1.69, and 2.09 Mev),
and Cr5! (0.32 Mev) show up quite clearly on the spectra obtained at
different heights above the three test areas. At higher altitudes the peaks
corresponding to the unscattered radiation are smaller, and there is a
slight shift of the peaks toward lower energies (or, more precisely, toward
lower amplitudes). The scattered radiation makes a very significant
contribution on all the spectra. Above heights of 30 to 50m, the shape of
the part of the spectrum corresponding to the scattered radiation changes
only very slightly, but the contribution of the scattered radiation to the total
increases monotonically with height, The maximum of the scattered-
radiation peak lies in the vicinity of 80kev. These data show satisfactory
agreement with the results of similar measurements made for Co® in
/176, 177/,

TABLE 18, Diameters (in m) of portions of earth's surface included in zone of
direct detector visibility

Half-angle Height, m

of cone op~

ening, deg 1 10 30 70 150 200
15 0.5 5 15 35 18 100
30 1.2 12 36 84 180 240
60 3.4 34 102 238 510 680

The spectral-angular distribution of gamma radiation above an isotropic
plane source was studied for the same test areas using a detector with an
NalI(T1) crystal 70 X 70mm in size. This detector was placed inside a
special steel shield having detachable conical collars with their axes
oriented perpendicular to the ground (see Figure 39). Using this shield,
it was possible to study the gamma radiation arriving at angles 6 of 15,

30, 45, 60, 75, and 90° (half-angles of opening).

All the remarks made with respect to studying the spectral composition
of radiations using isotropic detectors essentially pertain to shielded
detectors as well. Fringe effects and the effects of the finiteness of the
test areas are less important during spectral-angular measurements, while
the nonuniformity of the contamination is especially significant (in such
measurements the radiation is collected from a smaller area),
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FIGURE 43, Measured gamma=ecmission spectra over Co® arca at height of 30 m (shielded detector),
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FIGURE 44, Measured gamma=-emission spectra over Co® area at height of 70 m (shielded

detector),
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FIGURE 45, Measured gamma-emission spectra over Co®™ area at height of 150 m (shielded
detector),
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FIGURE 46. Measured gamma=-emission spectra over Sb!% area at height of 70 m (shielded
detector),
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Table 18 lists the diameters of the portions of the earth's surface
included in the zone of direct visibility of the detector for different opening
angles of the shield and for different measurement heights. The measure-
ments were made over a wide range of angles and heights in order to
ensure that more than four point sources would be within the zone of direct
visibility in the field plane simultaneously. Thus the intensity of unscattered
radiation did not fluctuate by more than 30% as the number of sources
within the angle of view varied (the case of four point sources corresponds
to an angle of 60° for flight at a height H=10m above a Co8 field),

The intensity of the radiation incident upon the detector, during the
measurements with a shield, was low. Accordingly, the background
radiation was carefully taken into account. This background was due to
contamination by the helicopter instrument panel and also due to the
emission of natural radioactive isotopes in the ground and air. The inten-
sity and spectrum of the background radiation were obtained for all the
angles and heights studied.
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FIGURE 47. Measured gamma=-emission spectra over Cr°! area at
height of 70m (shielded detector).

Figures 43 through 47 show the differential spectra for measurements
with different solid angles, at various heights above the test areas (exclud-
ing background). The data in Figures 43 through 45 show the spectral-
angular distributions of gamma quanta over the Co®® area at heights of
30m (for angles of opening 6=15, 60, and 180°), * 70m (6=15,30 and
180°), and 150m ( 6 =30, 60, 90, and 180°). Figure 46 shows the spectra
above the Sb!%* area at a height of 70m ( 8=15, 30, 60, and 180°). Finally,
Figure 47 shows the spectra above the Cr% area at a height of 70m
{6 =90 and 180°). It is evident from these figures that as 8 is reduced
the contribution of the scattered radiation becomes somewhat less, while
at the same time the peaks of the direct radiation become more pronounced.

The effect of microrelief on the intensity and the shape of the spectrum
was studied using a shielded detector with an Nal (T1) crystal 70 X 70mm
in size, at heights H# =1, 10, and 30m above the Co% test area, and at

* §=180° corresponds to measurement without a shield.
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heights of 10 and 30m above the Crd! test area for two source positions.
These measurements showed that the microrelief has no effect at heights
=10m.

11. Interpretation of experimental data obtained with
artificial model '

During the recording of gamma-ray quanta with energies of interest,
various processes take place which affect the shape of the spectrum.
Because of these processes (photoelectric effect, Compton interaction,
pair production), the measured spectrum will have a shape differing from
that of the true spectrum at the point of measurement,

The spectrum measured with the instruments is known / 147/ to be
related in a complex way to the spectrum of the gamma radiation incident
upon the crystal. The observed pulse-amplitude distribution may be
written as '

Eo

N(E, py) = g R(E', E)J (po, Eq, E)dE, (75)

where y is the attenuation coefficient for gamma radiation with an energy
E, in the medium (air); k(E’, E) is the response function for the detector;
I por, Eo E) is the spectral function of the incident radiation at a
distance r from the source; and k(E’, E)dE is the probability that gamma
radiation of energy E will produce a pulse with an amplitude between E’
and E’'+dE’ (the amplitudes being expressed in units of energy). By
solving (75) for Jgr, E, E), itis possible to use the measured spectrum
to reconstruct the spectral composition of the radiation incident upon the
crystal.

It is also known (provided secondary processes in the detector are
neglected) that

By = g, B[l
k(E', E)= j g, B[ pPE D+

pp (E)
+T§Ws(s—5)]e(s)dz. (76)

In this formula g(E’, &) is the Gaussian distribution, so normalized that its
integral is equal to unity; W o(E),bp(E), andp,(E) are the Compton,
photoelectric, and total absorption coefficients for gamma-ray quanta
of energy E in the crystal; P(§ E) is the probability that, after interacting
with a gamma-ray quantum of energy £, an electron will acquire an energy
between E and t+dg; & is the delta function; and g(E) is the detector
effectiveness at an energy £ (in this equation the effect of pair production
is neglected).

If the effects of multiple scattering in the crystal are taken into account,
then certain changes must be made inside the square brackets in (76):. the
first term must be replaced by L{t E), the probability that a gamma-ray
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quantum of energy £ will impart an energy between & and t+dt: and the
second term must be replaced by p(;, E)8(t—E), where p(E, E) is the
probability that a gamma-ray quantum of energy E will be picked up by the
detector.

Equation (75) can be rewritten approximately in the form of a matrix

equation:

N(Ei, w) = BE S RE, ENF(E;, b, 77
=1

where Eju— E;= AE;= AE, and f(E;u,r) is the value of / in the interval
AE ., Similarly,

E,‘+| —Ei = AE[E AE

Matrix R(E;, Ej) can be found from (76) by replacing E’ and E by E; and
E; , respectively, so that R(F;, E;) becomes a square matrix. Then,

1€, b) = BE S N(E, v)R(E,, E)), (78)

where R-'(E;, E;)is the inverse of matrix R(E; E;). The desired function

in the energy range E, + A—: is

F(E}, por)
Jpor Eo E)=——pp—
In practice, the approximate determination of f(E;, Kyr ) involves a solution
of m linear equations with m unknowns.
The function R(E;, E;) is expressed as a triangular numerical matrix, in
such a waythatits horizontal row is the distribution of pulses (divided into

E,AE intervals) caused by gamma radiation of energy E; -—%. The matrix

is normalized for the effectiveness of the crystal, that is, the sum of the
elements of each matrix row is e(E;). The matrix is constructed using the
results of measurements with monochromatic emission sources and of
calculations made, for example, by the method of trial and error.

A matrix similar to the one described in /182/ was used to analyze
the measured spectra obtained over the test areas. To make the analysis
more convehieht, coordinates of E': were used in this matrix. The direct
matrix is given in Table 19 (up to E =2.89Mev, that is, (1.7)2). This
matrix was constructed for an Nal (T1) crystal 70X 70mm in size. The
results of measurements for the following sources were used to construct
the matrix: Ce!! ( E=0.145Mev); Hg? (0.28Mev); CrS5! (0.32 Mev);

Ce!37 (0.66 Mev); Nb% (0.765Mev); Mn54 (0.84Mev); Zn® (1,12 Mev);
Co®® ( E,y=1.25Mev); Na?4 (1,38 and 2.76 Mev). In addition, individual
gamma-emission spectra for calibrated isotopes /183/ were used.

During the measurements sources were placed from 10 to 20 cm from
the end face of the crystal, on the crystal axis. In contrast to the similar
procedure described in /182/, the sources and crystal were not shielded.
It was assumed that in this way the measurement conditions would be close
to those obtaining during the measurements over the test areas (that is,
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scattering by the helicopter body was taken into account to some extent).
Accordingly, the sum of each row of our matrix was somewhat larger than
¢(E;), since the diagonal elements of the matrix were normalized for the
photoelectric effect. The inverse of the matrix described above is given
in Table 20.

TABLE 19, Direct matrix for spectrometer with NaI (T1) erystal 70 x 70mm in size*

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
0.1 1000
0.2 0 1000
0.3 12 38 990
0.4 14 43 70 960
0.5 15 47 70 113 920
0.6 15 46 74 108 220 866 i
0.7 15 44 73 104 135 163 | 682
0.8 14 41 69 10t 126 136 | 118 | 535
0.9 13 39 64 91 120 126 | 130 88 | 412
1.0 11 33 54 75 99 114 | 111 | 119 | 24 | 382
1.1 9 28 44 59 75 93 94 96 [ 114 89 | 308
1.2 8 22 37 50 65 77 78 83| 92 | 116 88 | 269
1.3 7 19 33 51 56 67 79 79 76 93 | 114 97 | 239
1.4 6 19 3l 43 52 62 72 79 | 81 75 9 | 114 | 101 209

* All figures in table are to be multiplied by 1078,

TABLE 20, Inverse matrix for spectrometer with Nal (T1) crystal 70x 70 mm in size*

1 1
£ e
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.2 1.0 1.1 1.2 1.3 1.
)
ST
0.1 1000
0.2 0/ 1000
0.3 —12| —38| 1010
0.4 —14| —42| —74] 1042
0.5 —14| —43| —68| —128| 1087
0.6 —i1| —34| —60| —08| —276| 1155
0.7 —13] —37| —69 [ —110| —150 | —276| 1470
0.8 —13| —836| —70| —118| —153 | —232| —325| 1870
0.9 —1g| —37| —66 | —103| —152 | —216| —395| —401 [ 2430
1.0 —9| —27| —46| —67| —99|—179| —301 | —558| —149( 2620
N —3| —13| —15| —11| —3| —6l| —114[—272| 854|756 | 3250
1.2 —2| 42| —2| 1 0| —9| —2t|—1ilo|—504|—883|—1063| 3720
1.3 o} +6] +2| —o6! +12| +14| —73|—100}—104]—302f—1118(—1512] 4180
1.4 2| —4| —1| +10| 411 | F12| —or|—127|-196|+14 | —o76{—1295)—2020 | 4780

*  All figures in table are to be multiplied by 1078,
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FIGURE 48, True gamma-emission spectrum above Co®®
test area: at height of 1 m, with measuring angle 6=180°
(curve 1); at height of 10 m, with measuring angles

6 =30° (curve 4), 60° (curve 3), and 180° (curve 2).
Shaded region shows difference for transition from 0= 60°
to 0 =180°,

=

W22

n' 1 ] 1 1 1 1 1
4 02 04 26 08 10 12 £ Mev

FIGURE 49, True gamma-emission spectrum above Co®

test area at height of 30 m, with measuring angles

0==180" (curve 1),60° (curve 2), and 15° (curve 3).

Shaded region shows difference for transition from

0~ 15° to 6=160".

The experimentally measured spectra were analyzed as follows. First,
the spectrum was broken up into the same intervals as the matrix. Then,
the area under the curve S; was determined for each interval (in pulses
per second) and multiplied successively by all the numbers in the jth
column of the inverse matrix. The sum of the products was equal to the
number of gamma-ray quanta in this energy interval which were incident
on the crystal.
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FIGURE 50. True gamma-emission spectrum above Co®™
test area at height of 70 m, with measuring angles

8 =180° (curve 1), 60° (curve 2), 30° (curve 3), and
15° (curve 4), Shaded region shows difference for tran-
sition from 6=15°to 0=30° and from 6=60° to

0 =180°
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FIGURE 51, True gamma-emission spectrum above co®
test area at height of 150 m, with measuring angles of

0 =180°(curve 1), 90°(curve 2), 60° (curve 3), and

30° (curve 4). Shaded region shows difference for tran-
sition from 6=230°to 0=60° and from 6=90°to 6=180°,

Figures 48 through 51 show the true gamma-emission spectra, * obtained
in the above-described way, over the test area with the Co% sources;
different curves correspond to different heights. Figure 48 gives the
spectra at heights of 1m ( 8=180° curve 1) and 10m { 6=15, 60, and 180%
curves 4, 3, and 2, respectively); Figure 49, for a height of 30m

* The figures give the rate of arrival | of gamma-ray quanta at the point of measurement, as a function of
the energy of the radiation (the diagrams are normalized for a unit interval of energy),

85




(8=15,60,and 180°); Figure 50, for a height of 70m ( ¢ =15, 30, 60, and
180°); Figure 51, for a height of 150m ( 8 = 30, 60, 90, and 180°)
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FIGURE 52, Dosage accumulation factor over Co®®
test area, as function of height,
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FIGURE 83, Dosage accumulation factor for radiation
arriving at angle w=1—cos 8 (Co® test arca) for
various heights, as function of angle o,

It is evident from the figures that, as the measuring angle is increased,
the contributions of both the unscattered component and the scattered
radiation increase by a small amount. When the flight altitude is
increased, the contribution of the scattered radiation becomes greater,

. Figure 52 shows the dosage accumulation factor By (ug #) as a function

of height over the Co®® test area. The solid curve was computed using
the formula

G (roh)
B =
d(POh) E; (1oh)
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(cf.formula (56)), and the data points give the values of By (4, ) obtained
using the formula

Ey
[ oa (EY /o (wohs Ey) + To(roht, Eo, EYIAE

___ 0
Batedh) = 0 (E) 7 (o*, Eo) dE '

where J, and J; are the energy intensities of the unscattered and scattered
gamma radiations, respectively, at a height h. These intensities are
determined on the basis of the experimentally found true spectra for 6=180°
(Figures 48 through 51). There is good agreement between the theoretical
and experimental results, as Figure 52 shows.,

Figure 53 shows Bg(uh, o) for Cof (at £=10, 30, 70, and 150m), as a
function of w=1 — cos 8. These curves were obtained using the same
formula, but with J, and J replaced by the energy intensities of the
unscattered and scattered radiations, J, (yh, Eo, o) and J'(h, Eo, E, o),
arriving at an angle w and determined on the basis of the measured spectra
(Figures 48 through 51) for 8= 15, 30, 60, 90, and 180°. For heights of 10
to 70m the error in the values obtained is placed at 30%, and for a height of
150m it is somewhat higher.

The data in this section serve as a supplement to the information on the
characteristics of the gamma-emission field of an isotropic plane source,
especially as regards the angular distribution of the gamma radiation, for
which information is very limited.
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Chapter III

GAMMA FIELDS OVER CONTAMINATED REGIONS

The gamma-ray field above a region contaminated with radioactive
isotopes differs from the field of an idealized isotropic plane source in an
infinite air medium. This difference is caused by the following factors /163/:

1) the effect of the underlying-surface material, which differs from air
in its density and atomic makeup;

2) the presence of irregularities in the underlying surface;

3) the presence of a vegetation cover;

4) variations of the air density with temperature, pressure, and humidity
under actual conditions. Let us now consider the effects which these
factors have on the gamma-ray field over a contaminated locality under
natural conditions. The source is assumed to be a surface source.

12, Eifect of actual underlying surface

In the preceding chapter it was noted that the gamma-emission field of
a plane source is not distorted by an underlying surface with a high density
and with Z . close to that of water or air. For instance, the gamma-ray
field over an ice surface contaminated with radioactive products is identical
to the field for the idealized model.

However, as a rule, radioactive products fall out onto land, which has
an effective atomic number somewhat different from Z .4 for water or air.
Soil with an average composition of elements (Clarke composition) has
Z.ff~ 13.0, a value close to that of aluminum /167/. The atomic number
of ordinary concrete /184/ is around 13.4, that is, it is practically the
same as Z . for aluminum and soil. *

Data exist which indicate that a difference in the atomic number of the
underlying-surface material (be it land or water) exerts practically no
effect on the structure of the gamma-ray field., These data are as follows:

a) the curves of the spectral distribution J(E,, E) of the scattered gamma
radiation are practically identical for aluminum and water, the initial
energies being the same [141/;

b) in the case of an isotropic point source the energy albedos (for
energies from 0.2 to 2.0Mev) for water and concrete are very close in
value (difference less than 15%) /184/. It is also noted in /184/ that the
dosage albedo and energy albedo have absolute values which are almost the
same (difference less than 10%);

* Here the values of Z . are for E< 2.5 to 3.0 Mev /12/,
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¢) experiments /153 —155/ made with a point source at an "earth-air'
interface confirm the calculations in /156/ for a "water-air' interface,

To gain more evidence, we studied the field of an isotropic point source
(Co®, E,,=1.25Mev) above water, soil, and concrete /163/. The fields
were measured with a roentgen meter having a low "relative-response
curve."* The height above the water or ground (or concrete) was h=1 to
10m, for distances R up to 120m and /=0 (see formula (50)).

In order to eliminate the effect of ground microroughnesses, source
heights r from 10 to 15cm were used(in the calculations it could be
assumed that r=0), while R varied from 0 to 120m for water, from 0 to
40m for soil, and from 40 to 300m for concrete. For the measurements
with R from 0 to 10m, the source activity was about 13 mcuries; for R
from 10 to 40m, it was about 80 mcuries; for R above 40m, it was
1.2 curies (Co®?).

When analyzing the experimental data, we took into account the points
mentioned earlier and assumed that Z . is the same for soil and concrete
/167, 184/. Thus our task was to find the difference between the effects
on the gamma-ray field of an underlying water surface and a soil or
concrete surface.

Table 21 lists some dose rates measured over water, soil, and
concrete, The ratio P ¢/Pu,o of the dose rate over soil (concrete) to the
dose rate over water is plotted in Figure 54 as a function of distance R,
for # from 1 to 10m, for a point source. Within the limits of error of the
measurements (about 10%), this ratio can be taken as unity, for the
indicated 4.

12
2‘ 7'; SN -‘7\ ./J/Z ! l A
S 3 == L.
$ 1kEmE 73 ] — e
Q:'.Z"Z ———F | ===t l
: 20 J0__60 70 80 90 100 A’.m_!
Soil Concrete

FIGURE 54, Ratio of dose rates (Coso point source) over soil (concrete)
and water, as function of distance:

1) A=1m; 2) k=5m; 3) k=10m.

Using Table 21 and the experimental curves in Figure 54, we can now
find the ratio of the dose rates over isotropic plane sources located above
soil (concrete) and water, using the formula

[Pe,s (R)) RdR

]
= : (79)
]

S
Pes

s
Pio [ [Py o(R) RAR

* [Figure 65 below shows the relative-response curves for various types of detectors. ]
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We insert numerical values from Table 21 into (79) and replace the upper
integration limit by 120m, since for E=1.25Mev and A=5m about $0%

of the dose rate {from an infinite source) comes from within a circle 120m
in radius (for £=1m, this percentage is more than 85%). Accordingly,
we obtain .

P JPio=097 (for h=10m)
P o/Pio=093 (for h=5m)
Pé,s/P;lzo =096 (for h=1m)

Thus, to an accuracy within the limits of measurement error, this ratio can
be taken as unity.

Consequently, theoretical calculations and simulation experiments both
show that the difference between the atomic numbers of soil (concrete), on
the one hand, and water, on the other, has essentially no effect on the
gamma-ray dose rate in air from an isotropic plane source located at the
interface between these media.

Real contamination cannot be attributed to an ideally smooth plane source,
since the earth's surface always has irregularities in it (microrelief), and
these may affect the structure of the gamma-ray field. Let us consider
the microrelief-caused dose-rate variations at heights where the effects
of individual irregularities may be neglected (that is, at heights more than
four or five times greater than the heights of individual microrelief
protrusions).

Microrelief here refers to nonuniformity of the surface, the individual
relief elements only taking up very small spaces (from tenths of a m?
to tens of m?) and having heights less than a meter /185/ (frequently only
from 5 to 20cm). Some types of microrelief are: small prominences,
mounds, hillocks, caved-in areas, small shallow depressions, minute
hollows, shallow water holes, etc.

The effects which irregularities in the earth's surface have on the
gamma-ray field of a radioactive fallout were discussed in /4, 108/, and
/155, 186, 187/ are devoted to this subject. To calculate the dose rate in
an open field, it was recommended in /108/ (without justification) to
multiply the dose rate for an ideal surface by 0.7. In the opinion of the
authors of /4/, the soil unevenness can be simulated satisfactorily by
means of concretic protuberances with triangular cross sections of equal
height and base. Calculations showed that for a height of 1m above the
ground the correction factors, taking into account shielding by such
protuberances (with base lengths from 0 to 10cm), varied considerably,
from 1 to 4.34. However, since it was not stipulated in /4/ which form
of microrelief corresponds to a given value of the correction factor, these
factors cannot be utilized in practice.

In /155, 186/ we described a means of evaluating quantitatively the
effect of microrelief on the dose rate over a surface source of gamma
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rays. The effect of microrelief on gamma-ray propagation in the atmos-
pheric layer near the earth was assumed to be mainly due to shielding of
the radiation by small soil protuberances. Thus the radiation arriving
at the observation point from various regions, which in the following will
be called "shaded" regions, is interfered with,

FIGURE 55, Photos of microrclief in swampy meadowland, for illu-
mination angles from 15 to 20° (a) and from 10 to 15° (b).
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Let us assume that the sizes of the "exposed’ and ''shaded" regions
are equal to the area of their projections onto a plane at ground level. An
area element 4S located a distance R from the projection of the observation
point is considered. We designate as 3 the angle between the plane of the
earth's surface and the line joining area 4S and the observation point, that
is, B=cot”R/h, where # is the height of the observation point.

The part of area dS which is shaded by microprotuberances of the
earth's surface is called 4S;, and the ratio dS;/dS is designated as «; the
exposed part is 6 =1 —a. In order to obtain a quantitative evaluation of
the microrelief effect on gamma-ray propagation, let us determine the
dependence of @ on angle B. This dependence can be determined by means
of a direct study of the given type of microrelief.

Different types of microrelief, in various regions of the Soviet Union,
were studied /186/:

a) level, grassy, unworked meadowland (two regions with combined
area of about 10,000m?2) in the Arkhangel'sk district;

b) a level forest glade (two regions with area of more than 1000m?) in
the Yaroslavl district;

¢) a swampy meadow (area of several tens of m?) in the Yaroslavl
district;

d) a region of arid steppe (area of more than 5000m?) in Kazakhstan;

e) plowed field at the period of ripening and harvesting of grain (area
of about 1000m?) in the Yaroslavl district.

4 | r— -
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FIGURE 56. Fraction § of exposed part of test area, as function of
angle of illumination for various types of microrelief:

1) meadow; 2) glade(very even parts); 3) very even part of arid
steppe; 4) arid steppe; 5) plowed field.

The microrelief studies in these districts were carried out in two ways:
by careful leveling and by systematic photography from heights of 2 to 2.5m
at night, with illumination from a point source of light at an angle B. The
size of the region and the position of the light source were so selected that
the variation of §in the region was small. The dependence a(f) was
established from the leveling data. Function ¢(8) was also determined by
calculating the area of the shaded regions on the photographs for the
various kinds of microrelief. The results obtained from the leveling and
the photography agreed well with one another.
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Photographs of part of a swampy meadow where the vegetation cover
has been destroyed are presented in Figure 55. The angles of illumination
are from 15 to 20° in Figure 55a, and from 10 to 15° in Figure 55b. These
photos were taken from a height of 2m. It is easy to determine from the
photo that in the first case @ = 0.35. Function 5(8) is plotted in Figure 56
for various kinds of microrelief.

It canbe shownthat for a surface source the dose rate dP+ from anareaele-
ment 48, visible from the observation point at the same solid angle as dS and
lying at anangle o tothe horizontal, willbe equalto dPs, provided the variation of
the distance from the observationpoint to the test area may be neglected (dPsis
the dose rate from a test area dS lying in the horizontal plane).

The dose rate dP}. (B) from an area element dS of an isotropic plane
source, in the presence of microrelief, may be expressed as

R (B) = 3(B) dPs + dP; ., (80)

where dP{ and dP;.,, are the contribution to the total dose rate dP of the
unscattered and scattered radiation. Here

koo e™H dS
dP:Catz dps— 4nr? (81)
(notation same as in formula (51)).
The factor taking into account the effect of microrelief on the emissionofarea
element dS {or of a point source located inthis area)willbe designated as ¢ (8):

dP} e (B)
¢ (B) = ——d,f;—“- (82)

Now, from formulas (51) and (80) through (82), taking into account the
influence of the underlying surface, we find that

SBY — 1 a(p) .
() =1 KB B (83)

A similar method is described in /187/, where a correction function
F.(cos 0) is introduced ( 0=%——B } to allow for the effect of the microrelief.

However, no particulars concerning the microrelief and no numerical values
of F;(cos 8) are given in /187/. To simplify the integration over the entire
plane of the dose rates from the area elements (taking into account the effect
of microrelief), a suggestion was made in /187/ to use the angular dose-
rate distribution /{4, cos 6) above an isotropic plane source, values of
which were given in /6/ for various heights. The use of I(h, cos8), a
function which also includes the scattered (in all directions) radiation, in
conjunction with F; (cos 8 ) is justified in /187/ by the smallness of the
contribution of the scattered radiation to the dose rate for small heights.
For example, for k= 1m this contribution does not exceed 20%.

If the function ¢ (8) introduced above is used to calculate the effect of
the microrelief, then a correction factor n(#) is obtained. This quantity,
which allows for the effect of ground irregularities on the gamma-ray
dose rate from the surface as a whole, may be expressed as

+1
§ 1(r, cos8) ¢ (cos8)d (cos9)
n(t) = oy (84)
5 {{h, cos®)d(cos8)
=1
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(here ¢ (cos 8) = 9(B); for cos 8< 0 it is assumed that ¥(cos 8)=1),
An analogous correction factor g(h) for the intensity of unscattered
radiation is given by the formula

p(h, cosB) d’ (cosB) d (cos )

ot

) = (55)
X p(h, cos6)d (cos6)
[}
(here &' (cos §)=6(B), with 6(8) taken from /186/), where
p(h, cosB) = secBe " > (86)

and the integration is from 0 to +1, since the unscattered radiation enters
only from the lower half-space.
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FIGURE 57. Correction factor (k) allowing for FIGURE 58, Correction factor
effect of microrelief on gamma-ray dose rate above n(k, B.;,) as function of B, (that
plane (for even, unworked region, B,,’ =1%, as is, for different types of micro-
function of height, relief), for A=1m,

The data for n(k), calculated using formula (84) for 0.1 << 10m, are
plotted in Figure 57, for an even, unworked test area (8, = 1°). Figure 58
shows n(h, B, ) as a function of the type of microrelief (at a height of 1m),
as characterized by the angle of "'half shading" B., (here &(8)=0.5).

Table 22 lists the values of B, for the most common types of microrelief.
The values of n were calculated for gamma-ray quanta with E=1.25Mev
and for the values of B " indicated by points in Figure 58. The deviation
of the values of n(h) for E =0.7Mev from those in the figures is only
slight; for example, for A=1m and for even, unworked ground, it does
not exceed 5%.

Simulation experiments were carried out in two areas of the above-
described unworked land /155, 186/, in order to check the foregoing
calculations.

Surface contamination was simulated by point sources of gamma rays,
located close to one another. At different distances R from the observation
point, along an arc subtending an angle of about 10°, 49 Co%® sources
(Eayv=1.25Mev) were distributed (uniformly) over the ground. The activity
of each of these sources was from 3 to 7 mcuries, giving a total activity of
around 200 mcuries, The sources were made in the shape of needles and
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filaments, 10 to 15mm in length and 0.5 to 3mm in diameter. The
measurements were made using a roentgen meter with a gamma-ray
collector consisting of an organic scintillator and a photomultiplier; the
collector had a low relative-response curve {see Figure 65 below] .
Measurements were made at heights of 0.3 to 3m and at distances of 10
to 80m from the sources. The function [Bi.;(8)]. was determined experi-
mentally by the described method. The values of P+ were also found
experimentally; to do this, the same sources were placed at heights of 10
to 15cm over the same areas on the ground, thereby eliminating shielding
by the tiny protuberances on the earth's surface which make up the micro-
relief. These results were taken to be typical for an ideally even surface.
In this case the slight effect of the microrelief on the dose rate due to
shielding of the scattered gamma radiation was neglected. For R<50m,
the relative rms error in the dose rate did not exceed 10 or 15%, and for
50 <R< 100m it was from 25 to 35%.

TABLE 22, Quantitics B, and/A h, characterizing shiclding property of roughness of ground, for different
kinds of microrelicf

i . B, ,deg A n, m(y for n =1m in parentheses), according to data of:
Type of microrclief /s
7155/ /155/ 1187/ 1180/ 71797 | 78,108,188/
Very even unworked 1.0 3.0—3,5 - - - -
grassy land (meadow, (0.81)
glade)
Very even arid 1,7 5.5(0,77) - - - -
steppe
Even bottom of dry — - - 6.0 (0,67) - -
lake
Even graveled area - - - 3—6 - -
Dry steppc 3.0 8.8 (0.69) 12 (0.5) 12 (0.54) 3.5 (0.7)
Plowed field 5.0 12 (0.60) - (0.58) - -
Plowed field with garden - — - (0.45) - -
beds

The values of ¢*(B)e = [P, (B)]/P: were then compared with the
calculated values v*(8). determined using formula (83). Coefficients K,
were taken from /156/, and values of By(r, E) were taken from /[139/.
Table 23 lists the results of these experiments and calculations, together
with the differences Ay® between the two sets of values. Of 33 measure-
ments of V,, in 32 cases the experimental value was within +20% of s.
The difference was as high as +30% in only one case ( R=15m, hk=0.7 m).

Function ¢ also depends on r, but for unworked land in the ranges
R =10to 80m and k#=0.3 to 3.0m, we have

R
hy

({n’( arccot )x\lu;( arccot f-:«) (87)

if Rl/hx = Rz/hz 4
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TABLE 23. Comparisonofcalculated and experimental valuesof ¢<(8)

o . S s S

h,mi{ R, m B @ KuB(r.E) Ye Ye AY”, %
15 | 1°10" | 0.41 0.77 0,67 0.68 —2

20 | 51" | 0,53 0.76 0,60 0.67 —Ii

30 | 35 | 0.69 0.74 0.47 0.42 +12

0.3 | 40 | 26 | 0.74 0.74 0.45 0.40 +12
50 | 22° 1 0.79 0.73 0.41 0.40 +3

60 | 18 | 0.83 0.72 0.40 0 44 —10

70 | 167 ]0.85| 0.70 0.40 0.47 ~18
10 | 3°50"| 0.06{ 0.79 0.93 0.90 -

15 | 240"} 0.15| 0.77 0.88 0.68 ~+30

20 | 2°00" | 0.23 | 0.76 0.82 0.80 +2

30 | 1°227 | 0.38 0.74 0.73 0.71 -3

0.7 | 40 | 1°02| 0.49 | 0.74 0.64 0.71 —11
50 | 48 | 0.53] 0.73 0.61 0.61 0

60 | 42" 10.60| 0.72 0.57 0.60 —5

70 | 35 | 0.69| 0.70 0.62 0.62 —19

8 | 300 | 0.7l 0.69 0.51 0.61 —20

10 | 7 0.00 0.79 1.00 0.94 +6

15 | 4° 0.06 0.77 0.95 0.87 +9

Lo | 20 | 250" | 0.14 0.76 0.89 0.89 0
' 30 | 1°50° 1 0.25 | 0.74 0.81 0.80 +1
40 | 1°267 | 0.34 0.74 0.75 0.78 —4

50 | 1°08" | 0.43[ .73 0.69 0.78 —18

20 |7 000 | 0.76 1.00 0.93 +7

30 | 3407 | 0.081 0.74 0.94 0.80 +17

0.0 | 40 | 2250”1 0.13 0.74 0.91 0.87 +5
) 50 | 2°30° | 0.17 | 0.73 0.88 0.88 0
60 | 167 | 0.23 | 0.72 0.83 0.86 —4

70 | 1°43° | 0.28 [ 0.70 0.80 0.75 +7
|7 0.00 0.74 1.00 1.00 0

40 | 6°30" | 0.01 0.74 1.00 0.86 +14

3.0 | 50 | 3°30’ | 0.10 0.73 0.93 0.93 0
60 | 2°50" | 0.14 0.72 0.90 0,93 —6

70 | 2°30° { 0.17 | 0.70 0.88 0,89 —1

Figure 59 shows ¥*(8) for a piece of unworked land (data points indicate
experimental values) and for a plowed field, for a gamma-ray energy
E =1,25Mev. For the unworked land ¢*(B) is expressed by a straight line,
when plotted on a semilog graph. For heights from 0.3 to 3.0m and distan-
ces from 10 to 35m, +*(B) for a plowed field is also expressed by a straight
line on a semilog graph. However, for higher R the plot of vs(8) deviates
from this line. The dashed line indicates v {B) for a plowed field at A=1m

and 40 <<R<C 100m.

'y 7)/ 2//
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FIGURE 59, Function ¥*(8) for unworked land (1) and for a

plowed field (2).
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Figure 60 shows the results of the two series of measurements (one
allowing for microrelief and one not), for various heights 4, in the form of
curves showing RP.(R)/P.(R=0) as a function of R, For a given value of R
the difference caused by the presence of microrelief increases with a
decrease in k. For h=10m, for instance, the presence or absence of
microrelief has practically no effect on P.(R). Accordingly, the results
for a height of 10m are not shown in the figure.
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FIGURE 60, Experimentally determihed ratio

RP¢ (R) [P.( R=0) as function of R, for point source
(Co“), allowing for microrelief (dashed curves) and not
allowing for it (solid curves),
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In Figure 57 the values of w.(4) for B, =1°, calculated using the
formula

Me(h) = ~Togm———, (88)
[ RP(n,R)dR
]

were shown as data points, where PP(4, R)and P.(h, R) are the experi-
mentally found dose rates at points (4, R), in the presence of microrelief
and in the absence of it, respectively. The values of RP,(h, R)/P.(R =0)
plotted in Figure 60 were used in the application of (88). As Figure 57
shows, there is a good fit between the calculated data and the results
obtained in the simulation experiments,

In all our discussions we have neglected the variation in the distance
from the observation point to the emitting areas, caused by the presence
of the microrelief elements, Let us calculate the variation in the gamma-
ray field due to this factor. We now designate as 7, the quantity n when
this distance variation is not taken into account (in this case the emission
plane lies at the level of the base of a microprotuberance).

If the emission plane lies at the level of the tops of the microprotu-
berances, then the factor taking into account the influence of microrelief is

Prsncr(h —h)

(89)
Ps (h)

M=

where 4’ is the height of the microprotuberance elements. Obviously, the
1,0 of this factor will be somewhere between n, and n2:

M <'Vlac< Yz.

Calculations of P§, . (h—k')/Ps(h) for h=1m and #'<< 0.2 indicated that n,
does not differ from mw; for a surface source by more than 5%, for a
gamma-ray energy of 1.25Mev /185/.

The dose rate above a surface source can be calculated approximately
allowing for soil unevenness, using the formulas for the dose rate above
an ideally even contaminated surface. However, then some effective Ah
characteristic of the given type of microrelief must be added to the measure-
ment height:

Pmcr(h) = P(h -+ Ah). (90)

Table 22 listed some values of Ak and n{for # = 1m) for the most common
types of microrelief, according to the data of various studies.

In practice, the following values of the correction factors may be used:
0.75 to 0.8 for very even land; 0.7 for steppe; 0.5 to 0.6 for plowed land
{(for k=1m).

In approximate calculations of the dose rate, it is also possible to use
the formula for a directional plane source. Thus, in the presence of
microrelief, the contamination concentration oy of the locality can be
assumed to be equal to o cos "¢, where o is the surface contamination
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concentration of an ideal surface, and ¢ is the angle between a normal
to the surface and the direction of an element of the emitting surface. In
this case for an unworked even area n=~0.2 /155/.

The surface contamination of a locality subsequent to the fallout from
a nuclear explosion lasts only for a relatively short time. Gradually (over
a period of weeks or months) the radioactive isotopes penetrate into the
soil to a depth of several centimeters. Thus, a three-dimensional
radiation source is created, with a concentration diminishing with depth
(see Section 3 of ChapterI). Inthis case the influence of the microrelief will be
less than for surface contamination. When the contamination of the soil is
uniform to a depth exceeding several gamma-ray mean free paths, the
microrelief has virtually no effect /186/. For contamination to a depth of
several centimeters, the effect is somewhat less than for surface
contamination /155/.

It is logical to assume that the dose rate and the gamma-ray intensity
over contaminated ground will vary simultaneously with the spectral-
angular gamma-ray distribution, due to the cffect of irregularities in the

underlying surface. Thus the shape of the
spectrum of the scattered radiation should
vary only comparatively slightly, in view

' of the substantial contribution to it of
; \)/’ multiply scattered gamma-ray quanta. The
|7 intensity of the unscattered gamma-ray
J quanta will vary considerably, however.
Accordingly, the angular distributions of
) 17 the gamma-ray dose rate (or intensity)
10 X |4 should vary appreciably about some values
. o close to (but greater than) zero.
g’ N Some experimental data on the angular
g5 M. dose-rate distributions at a height of 1m
7 over contaminated regions of various types
, Aé’ are plotted in Figure 61: the even bed of
u a dry lake (curve 3); an arid steppe /180/
/ d (curve 4); and very even unworked grassy
s land (curve 2, calculated on the basis of
e /155/).
1007 0804 07 0 07 0% 05 cwd These experimental distributions

correspond to "'effective’’ measuring heights
(in the absence of microrelief) of: 6m in
the first case, 12m in the second case,

and 3m in the third case, which values are
practically the same as the values of A
given in Table 22.

The figure also shows the curve of /{4, cos 8)for h=1m in the absence
of microrelief (curve 1), As was assumed, the angular distribution is
distorted considerably for values of o =cos® close to zero (0 <o< 0.1—
0.2).

FIGURE 61, Angular dosc-rate distri-
bution at height of 1 m over contami-
nated locality.
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13. Effects of vegetation and weather conditions

The gamma-ray field over a contaminated region covered by grass or
forest differs from the field of an area in which there is no vegetation.

This difference is due to the shielding effect of the biomass covering the
contaminated ground /189/. When radioactive products fall out onto a
forest cover, a considerable part of the radioactivity is retained by the
treetops. Thus a three-dimensional source is produced, with a distribution
of radioactive material that depends on the shape and density of the treetops,
the fullness of the forest, the kind of forest, the time of year, and the
weather conditions., Secondary transport of the radioactive particles by the
wind, and especially by the rain, eventually rids the treetops of their
contamination. Consequently, a radiation source which is almost an iso-
tropic plane source (or a three-dimensional source, due to contamination
of the upper soil layer) is created on the ground under the trees,

First let us consider the shielding effect of a forest, with respect to the
gamma emission of a surface source, It is assumed that there are no
fundamental differences between the effects on the gamma-ray field of a
grass cover, a scrub growth, or a stand of trees. In the following only a
forest cover will be referred to, but it is easy enough to extend the
conclusions obtained (with certain reservations) to include a grass cover
or scrub growth.

The absorbing properties of a forest are determined by the spatial
distribution of the biomass, by its quantity. and also by its atomic makeup
/189/. The amount of biomass in a forest, calculated per unit area,
depends (for a given type of forest) on its conditions of growth (quality and
yield), fullness, and age /190/.

TABLE 24, Amounts of biomass, for various kinds of forests, in g/cm?

Index of quality and yield
Types of trees Age, years
better (Ia, I) average (III) poorer (V)

Spruce, 40 3,4— 4,2 (4,5)* 1.5—2.2 -
pine, 60 56— 6,7(8.1) 3.3—3.8 1.75
oak 100 9.4—10,0(13,2) 6.2— 6.6 3.80

120— 160 12.0—13.7 (15.0) 7.4~ 9.6 -
Birch, 40 2,9— 3,7 1,5—1.8 -
aspen, 60 45— 5.4 2,3—2.7 -
linden 100 6.0— 7.4 2,7— 3,8 -

* Values in parentheses are for spruce forests,

Table 24 lists the amounts [surface densities] ¢(¢) of biomass at the
ground for the most common types of forests in the Soviet Union. General
tables giving forest growth characteristics /191/ were used to calculate
g(t), the amount of biomass being given in m3 per hectare. In these tables
the contribution of brushwood and leaves to the total amount of wood, which
amounts to from 5 to 20% /190, 192/, is already taken into account. Data
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on the specific weights po of forests were taken from /193/. Values of ¢()
for various types of forests can be found approximately using the formulas
given in /194/.

Since p, undergoes seasonal fluctuations associated with variations in
the moisture content of the wood, leaves, or needles, there will be
corresponding seasonal fluctuations of ¢(/) within a range of 10 to 20%.

The distribution of ¢ over the height from the ground surface up to some
level Z<ch, where h is the average tree height, is mainly determined by
the shape of the trunk. The latter is close to a circular truncated cone with
a height # and with diameters d, {at ground level) and d(x) (at a height &).
Thus, the amount of biomass of the trunk from Zz=0to Z will be /189/

gy = 2 [2p20 — 3pd, 22 + 153 27), (1)

where

_ ldy—d )
p= Lot

For forests of average age B =0.01 to 0.02 and d(#)« do. The amount of
biomass in the forest litter usually does not exceed 1.0 to 1,5g/cm? and
constitutes no more than 10 to 20% of the total biomass of the forest.

The biomass of a forest is distributed nonuniformly in space. In
many instances the twigs, leaves, needles, and forest litter may be
represented schematically as homogeneous horizontal layers. However, it
is much less probable that this can be done for the biomass of the trunks,
which is the factor determining the anisotropy of the forest cover as an
absorbing medium.

The average number of trunks n per unit area is a monotonically
decreasing function of the age of the forest. After a very long time n dim-
inishes, as a result of self-culling of the forest /194/. Some factual
data on tree quantities are given in /190/. The fluctuations of » apparently
satisfy the Poisson distribution. :

Now let us consider the second factor determining the absorptive
capacity of a forest, namely its atomic makeup. The main chemical
compounds going to make up absolutely dry wood are: cellulose, lignin,
resins, and acetic acid (together with small admixtures of inorganic
compounds). Accordingly, the basic atoms present are: carbon (~49%),
oxygen (~ 44%), and hydrogen (~6%) /195/. Thus the effective atomic
number for dry wood turns out to be very close to that for water. The
effective atomic number will therefore be virtually independent of the
moisture content of the wood.

Consequently, the electron densities N. for absolutely dry wood or wet
wood will differ little from one another and will be close to N. for water.
For instance, for absolutely dry wood N.=3.23-10% electrons/g, for
freshly cut wood (100% moisture content) N, =3.30-102% electrons/g, and for
water N,=3.35-1023 electrons/g /189/. Taking the foregoing into account,
we may consider the absorptive capacities of a forest biomass and water to
be identical in the range of gamma-ray energies from 0.1 to 3.0Mev.

If the initial gamma-ray energy FE,is assumed to be in this rang~, then
the entire complex of absorbing materials (soil, forest biomass, atmosphe-
ric air) may be considered as an air-equivalent medium. The error in dose
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rate caused by the use of these approximations will not exceed 5
or 10%. ,

The dose rate and intensity of the primary gamma radiation will be calcu-
lated assuming that the degrees of gamma-ray attenuation are the same in
both homogeneous and inhomogeneous air-equivalent media, provided that

n
P hom "hom™ gl BT, (92)

where Brom and u; are the linear gamma-ray attenuation coefficients in a
homogeneous medium and in the ith homogeneous portion of an inhomo-
geneous medium, respectively; #,, is the distance from the measuring
point to the source, for a homogeneous medium; and r; is the gamma-ray
path length in the ith portion of an inhomogeneous medium (along the short-
est route) /163/.

In order to check the applicability of the foregoing assumption in a
forest region, we carried out a simulation experiment in the Arkhangel'sk
district, in a region of mixed forest. The composition of the forest was
given by the formula 6S2B2As, Al, * and the forest was around 100 years
old (quality-and-yield index of IV). The overall fullness of the forest in
the part studied was close to unity, and the average amount of biomass
(neglecting fallout and root systems) was 2.26g/cm?. The biomass was
evaluated by a direct count of the trees in the region, together with a
determination of their heights, diameters, and specific weights and a
subsequent calculation of the reserves of the forest taking into account the
shapes of the tree trunks. The biomass in different squares of the region
was evaluated analogously, according to layers (according to height).

Apr/h f
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FIGURE 62, Calculated and experimental dose rates from
point source in forest region, Symbol O indicates individual
measurement; symbol @ indicates average value. Curve
corresponds to calculated values,

* [Thatis, 6 spruce, 2 birch, 2 aspen, alder.]
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A point source (Co®®) with an activity of 1.2 curies was placed at a
height of 0.5m above the ground, in order to eliminate shielding by soil
irregularities. The measurements were made with a gamma-ray
detector having a low relative-response curve [see Figure 65 below], at
various distances R between the projections of the source and measuring
point onto the earth's surface (up to 145m) for a height 1<<H< 10m. For
each value of R and H measurements were made at three points. divided
from one another along the horizontal by 2m. Figure 62 shows the
calculated and experimental values /163/ of the dose rate from this source,
for 25 KR 145m and # =1m.

The dose rate was calculated using formula (46), on the assumption that

W=mVRZ+H2+%PH
0

where 4; and y, are the linear attenuation coefficients in air and in a forest,
respectively; p; is the amount of biomass on the line joining the source
and the measuring point; and p, is the specific weight of the wood.
Coefficient K, allowing for the effect of the underlying surface, is here
taken as unity, because the density ratio for the underlying forest litter
and the forest is only from 25 to 40, considerably less than the density
ratio for an underlying ground surface and air, which is of the order of
1200 to 1500, Inspection of Figure 62 shows good agreement between the
calculated and experimental dose rates.

In order to calculate the dose rate from an entire surface having a
forest cover, we assume that the absorbing medium consists of two
uniform layers: a layer of air, with a mass essentially equal to the mass
of the air layer between the ground and the measuring point, and a layer of
wood (that is, the anisotropy of the forest is neglected). The thickness of
these layers, expressed in gamma-ray mean free paths, are u,;/ for the
air and u, ¢/po for the wood.

Therefore, the dose rate over a surface source covered by a forest, at
a height H<Ch (where 4 is the height of the trees), may be written as

ke, -1 -
P@=—;{&m+§§;0+z#4+o} (93)
where [=u, H+4 27

Po

The coefficient expressing the shielding effect of the forest cover,
relative to the dose rate, is

P(u,H
folg) = — 2w (94)
o)

o

For a forest with a fullness @ less than 1.0, the amount of biomass g, will
be

qu=aq|.o (95)

(some values of gpo Were given in Table 24).
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An analysis of (94) makes it clear that in the height range 50 <<H<300m
coefficients j, are practically independent of 4. Table 25 lists some
values of f, for an infinite surface source, for forests of various types,
quality-and-yield indexes, and ages (gamma-ray energy E=0.7 Mev). The
shielding coefficients depend mainly on the quality-and-yield index N and
on the forest age .

It is evident from Table 25 that a forest cover does shield the gamma
emission from contaminated ground; however, this shielding is in general
only slight, The shielding coefficients for the most common types of mature
forests of average quality and yield are only from 1.3 to 1.6, These
coefficients reach values of 2.0 to 2.5 just for centenarian forests of better
quality and yield.

TABLE 25, Coefficients for shielding of gamma-ray dose rate by forest cover

Index of quality and yield
Types of trees Age, years
better (Ia, I} average (1II) poorer (V)

Spruce, 40 1.30— 1,40 (1.42)* 1,13—1,20 —
pine, 60 1.50—1.65 (1.80) 1,30— 1,35 1,17
oak 100 2.00— 2,10 (2.55) 1.60— 1,65 1,35

120— 160 2.4 —2,70(2,95) 1.73— 2,05 -
Birch, 40 1,25—1.33 1.13—1,15 -
aspen, 60 1,42— 1,48 1,21—1,24 -
linden 100 1.55—1,13 1,24—1.33 .

*  Values in parentheses are for spruce forests,

A1l the above formulas were derived for measuring heights H exceeding
the height % of the forest. In order to calculate the shielding effect of the
forest for H<h, the amount of biomass contained in the layer between the
ground and the height H must be substituted into formulas (93) and (94).

It is quite clear that the biomass of the treetops (twigs, needles, and
leaves) may be assumed to be uniformly distributed. Thus, the gamma-ray
absorption in this part of the biomass can be described quite satisfactorily
using formula (94). However, most of the forest's biomass (for trees of
average age, from 80 to 90%)is contained in the tree trunks and does not
form a homogeneous layer.

According to the data of /189, 196/, the effect of the anisotropy of the
forest material can be neglected in calculations of the gamma-ray dose
rate from surface contamination, measured at heights exceeding the height
of the forest (for fullness factors close to 1.0).

The calculations of the gamma-ray characteristics over an isotropic
plane source (and also over an actual contaminated site) were carried out
assuming a homogeneous atmosphere at standard pressure and temperature.
Thus the atmospheric density p, was taken to be constant with height, having
the value po=1.293 g/1 (for t=0°C and a pressure of 760mm Hg).

In this section the effects of temperature f, pressure p, and air humidity
and precipitation (water content W) on the gamma-ray field in a real
atmosphere will be considered. The air above the earth's surface can be
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assumed with sufficient accuracytobe a layered medium (at distances compa-
rable tothe mean free paths of gamma-ray quanta). Thusthe air density p can
be assumed to vary just with the altitude 2. Accordingly, all the
calculations of the gamma-ray field in a real atmosphere will be made for
a stratified absorbing medium,

The air density is a function of the pressure p, the temperature ¢, and
the water content W:

= Po P
plp. 1, W) T Yta, T013.2° (986)

where py is the density of dry air at 0°C and a pressure of 1013.2mbars:
p is the pressure in mbars (1.0mmHg =1.35mbars); a =1/273.2deg™};
and ¢, is the virtual temperature, taking into account air humidity. The
virtual temperature is defined as the temperature at which dry air would
have the same density as the given wet air does at temperature ¢ and
pressure p:

t,= 1(1 + 0_378_:—), (97)

where e is the elasticity of water vapor. The virtual temperature is some-
whet higher than ¢. The difference f,—~f=A¢f, reaches a maximum for satura-
ted air; it is from 1 to 3° for 6 <¢<23° and from 3 to 5° for 23 <¢< 30°C.

The pressure variation with the height 4 is described adequately /197/
by the barometric formula

h
P = poerp [— et ], .

where 4 is the height above sea level, £, is the mean virtual temperature
in layer 4, and p, is the sea-level pressure,.

The temperature gradient in the layer near the earth is comparatively
small (0.2 to 1.0deg/100m) /197/, and as an average it can be taken to
be 0.5 deg/100m. In addition, the virtual temperature does not vary much
from the temperature ¢ of dry air (at ground level or at a height 4).
Therefore, for heights A<500m we can set #,,=¢fin practical calculations.
Nowitis easy to find the relationship between a height Ak pom in @ homo-
geneous atmosphere (that is, an atmosphere having a constant density
po =1.293g/1) and a height # in a real atmosphere. We may write '

hoth
hj; p(h0+h)dh = Pohhom (99)

o 7956 {00 [~ it — o [yl (100

where kg is the height in m above sea level of the ground under the point of
measurement,

Figure 63 shows hyom as a function of 4 for various temperatures (from
- 30 to +40°C) at sea level ( 4 =0) and also for various heights above sea
level (k=0 to 4000m) at ¢=0°C,
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Py Ty Vhoms M C9nsequently, the height con-
3 /,/ %% 2 version factors over a contami-
, A | nated region depend on the height
-0 &// above sea level of the underlying
pe // P surface, the air temperature, the
s 577 8 water content (humidity, amount
¢ A T 6 of moisture in droplets of clouds,
4 ;'// -0° |4 mist, and precipitation), and
¥ /474/ wela the weather, since the pressure
2 / 2 varies with the weather. In
/ h,-0m short, these factors are a
0? ikl function of the pressure, tempera-
s 8 ture, and humidity of the air. The
§ § pressure variation with height
4 4 {(according to the barometric
s 4 formula) for a standard atmosphere
2 2 also affects the value of the
, , conversion factors.
0 4 Using the barometric formula,

W 2 3456810 2 3456 hm it is easy to demonstrate that for
the standard atmosphere the
conversion factor for the dose rate,
from a height of 200m down to
ground level, will only differ from
the conversion factor calculated
for a homogeneous atmosphere by less than 2% (if the intensity of unscat-
tered gamma radiation is less than 4%). At lower altitudes this difference
will be even less. Variations in the temperature ¢, pressure p, and
humidity W of the air will have a more significant effect on the values of
the conversion factors.

The conversion factors K, », mlH(t, p, W)] corresponding to actual
conditions are given by the formula

FIGURE 63. Relationship between heights of homo-
geneous and real atmospheres,

Kn, 2. W) [H ¢ p, W)= K, (Ho)y (101)
where

ho = k¢, p, W)L”P”’i and H,=H(, p, W) 22 ¥)
0 Pa

and K,(H,) is the conversion factor for a homogeneous atmosphere.

Figure 64 shows the relative variation of conversion factors Kx(#) for
a homogeneous atmosphere, with changes in air temperature, pressure,
and humidity, for the dose rates at A =100, 200, and 300m (curves 1, 2, and

. s K Whom
3, respectively). The figure shows the curves for g=—_— " asa
Kpy (Wrea
function of ¢, p and W /163/.

It is clear from Figure 64 that Ky(k) for the dose rate varies only
slightly with a change in the water content of the air {from 1.0 g/m?3 for
dense fog to 4g/mS3 for a downpour). A temperature change from -30 to
+30° varies Kgx(l) by —20%, and a 50mmHg drop or rise in pressure
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varies it by ~5%, The variation of this factor for the intensity of the
primary gamma radiation is even greater. Hence, for measurements of
P(h) and J (k) from an aircraft, air pressure and temperature have to be
taken into account. When the measurements are made in mountainous
regions, where the earth's surface is greatly elevated above sea level,
changes in pressure are even more significant.

g
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FIGURE 64, Relative variation of conversion factors
Ky (h) for homogeneous atmosphere, with changes in
air temperature, pressure, and humidity at H=100m
(curve 1), 200 m (curve 2), and 300 m (curve 3).

14, Determination of surface density of contamination
according to measured gamma-ray dose rate

The dependences of the gamma-ray dose rate on the height above a
surface contaminated with gamma-ray emitters of different energies (including
fissionfragments)were described in Section 7. Then, in Sections 12 and 13, the
effects of actual conditions on the nature of these relations were considered,
Using the findings of those sections, it is now easy to pass from the dose
rate P(h) measured at some height # (for instance, using an aircraft) to
the dose rate Py at the earth's surface (at a height H=1m)

Py =Ph) Ky(H)ey(h)eg () e, (R) e (h) ey (B), (102)

where K,(H) is the height conversion factor for conversion from height A to
height H for an ideally even surface and a standard atmosphere;e;(h) is a
correction factor taking into account the effect of actual conditions; eu(h)
corrects for the unevenness of the earth's surface; e, (h) corrects for the
vegetation (chiefly forest) cover; ey(h) corrects for air pressure; e:(h)
corrects for air temperature; and ew(h) corrects for air humidity.
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As demonstrated earlier, the quantity Ku(h)* for 1 <<Hand A<<200m
varies only slightly with primary gamma-ray energy in the energy range
for emission from nuclear-explosion products, The average values of this
quantity were givenin Table 13. The values of 1/ey(k) =n(h) given in Section 12
for A>10m were practically unity. For A =1m, in most cases 1/ey(h)~0.7.
The values of e,(h) and e,(h) determined in Section 13 for <200 m were close to
unity (they deviated by less than 10 to 15%), and the values of ew(h) found
there were almost always 1.0. Values of &g (h) were also given inSection 13.

In Section 7, together with the data on P(h), the relationbetween the dose rate
and the surface density of contamination o was described, This made it
possible to determine ¢ (in units of energy) in terms of measured values of
P(h) . It follows from formula (55) that ‘

=_2P® (103)
k3G ()

The scatter of the values of f(k, E) =o,(E)G(h, E) for energies from 0.255 to

2 Mev** is negligible (12 to 20%) up to heights of 200m. However, at

greater heights this scatter increases sharply, reaching a factor of 10
“for a=1000m, .

It follows from the results in Section 7 that the surface gamma-~ray concen-
tration o, expressed in energy units,” can be found from the measured gamma-
ray dose rate P(h) ataheight #=200m, evenif the spectral compositionof the
gamma radiation is unknown (in the indicated energy range). For this,
formula (103) is used, with the accuracy given above.

An analogous conclusion may be drawn on the basis of simulation
experiments for gamma-ray sources with energies of 0.411, 1.25, and
2.8 Mev (see /7,9/). Ground-level measurements of the surface density
of contamination ¢ are usually employed in experimental evaluations of
the coefficient relating ¢ and P(4) in formula (103).

Let us derive a formula which will give us the indicated coefficient
solely from measurements of the dose rate at various heights. We begin
from the law of conservation of energy and from the fact that the dose rate
is proportional to the absorbed energy over a wide energy range for the
primary and scattered gamma rays. The energy for the production of a
single ion pair in air is practically constant and is equal to 34 ev /198/.
Now we can write /163, 199/

Lt dn =
- OSP(h)p(m =2, (104)

where p(h) and p, are the air densities at a height 4 and at ground level.

Equation (104) signifies that half the gamma-ray energy emitted by an
isotropic plane source is absorbed in the matter of the upper half-space
(the air). Almost all the gamma-ray absorption takes place in the

* Ky (h)=1/Kn(H).
** For E=0,255Mev the value of f (h, E) was obtained by numerical integration, using formula (56), of the
tabulated values of the dosage factor,
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atmospheric layer near the earth (up to a height of several hundred meters),
where the variation in air density is only slight. Thus formula (104) can
be written approximately as

(Piyan =2 (105)
0

Function P(h) can be written as
P(h)=PuK, (h), (1086)
where Py is the dose rate at some fixed height #, and Ky(#) is the height

conversion factor for conversion from height H to height 4.
From (105) and (106) we obtain

9 -] 2PHoo
=75 (h)dh=T£K,,(h)dh. (107)

In order to determine the numerical value of the coefficient relating ¢ and
Py in formula (107), it is sufficient just to know function P(#) above the
emitting surface. Equation (105) can be obtained by integrating formula
(53) over the height*:

K __ koo, ° 1 ¢ —ph
JP(h)dh— : 'ojEl(ph)dh-}—(l—*—;Eﬁ)bYe dh +

- ko, ko
+ 5245;#16 ""dh’ ": (1+ E“) =, (108)

0

since 20, (1+1/7E24)ju is practically unity for energies from 0.5 to 2 Mev,
Formula (107) can be rewritten as

o=LyPy,, (109)

where

2 Ll
Ly =7_f # (h)dh. (110)
0

The scatter of the values of Ly calculated for various energies E between
0.09 and 3.0Mev is a minimum for heights H from 100 to 150m. Therefore,
heights in this range are optimum for determining o from P(h) when the
spectral composition of the primary gamma radiation is unknown.

* Some error will be introduced here, since an approximate expression for the factor allowing for multiple
gamma-ray scattering was used in the derivation of (53),
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For H=100m

(sz'scc) hr

Ly =12.105—Mev /_r

and
My = Ky(h)dh =318 m (+7%).
0

Table 26 lists some values of My obtained from an analysis of various
results for H=100m.

TABLE 26, MH:sKH(h) dh corresponding to different sets of data
0

Method used Reference My, inm
Calculation, for E from 0,09 to 3 Mev /163/ 318 (+ %)
Calculation /8/ 323
Simulation experiments, for E from
0.41 to 2.8 Mev 77,9/ 340 (+ 3%)

For H=1m, we have L, = 2,1.105—%3”——/-'— and Mg=55m (for an ideally

(cm® sec) hr

even surface)/163/ The relations obtained above can be used to determine
the total amount of matter in the contaminated region of interest.
If 1 mcurie of gamma-active matter with anenergy of 0.95 Mev/disintegration

is distributed uniformly over 2,59km?2 (1 square mile) of an ideally
even plane surface, then according to /21/ the dose rate 1m above the
ground will be 6.8 r/hr. One hour after a 1-kt explosion the total activity
of the fission products amounts to 550 mcuries. Therefore, if all the debris
of a kiloton blast is distributed over 2.59km?, the dose rate at a height of
1m will be 3700r/hr (or 0.7 of this, taking into account the microrelief).
If this same matter is spread over only 1km?2, the dose rate will be
9700 r/hr (sometimes this level of contamination is referred to as
9700 r-km?2/hr- kt). Consequently, a surface density of contamination equal

Mev
(cm®* sec)

to 2.10% /ﬁwill correspond to a dose rate of 1 r/hr at a height of

1m, a value which is very close to the one obtained earlier /163/.

If the distribution of radioactive products is not uniform, but of varying
concentration (as in the case in the near wake of a nuclear explosion), then
the integration for the matter in the region /188/ can be carried out using

' the formula

\ J =3:'P,,d8, (111)

where S, and S; are the areas bounded by the isolines of the maximum and
minimum dose rates, the integration being over the areas included between
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adjacent isolines; and Py is the dose rate at some specified height, It is
most convenient to express the above integral in units of r-km?/hr, which
were related earlier to the activity of the nuclear-explosion products.
Therefore, this method requires a knowledge of the coefficient given above
(17.6 r/hr at a height of 1m for 1 mcurie/km?, without allowing for micro-
relief),

By measuring the dose rates at various heights above a contaminated
region, the total amount of matter A4 (in units of energy) in any previously
selected area can be directly determined. Let us assume that approximately
half the energy emitted as gamma rays by a surface source is absorbed
in air per unit time. Then, we can write

A=2cj};Pdeh=2¢-‘(P,,deK,,(h)dh, (112)
h N h

where ¢ depends on the units used.
If the integration is carried out over the wake. where R is the distance
along the axis and / is the distance transverse to the axis, then

A=2cérlyPH(R, l)dengH(h)d/z, (113)

It is convenient to express A in r-km3 or in Mev/sec. One r-km3/hr
indicates the energy absorption (release)rate in 1 km?3 of air, atevery point of
which the dose rateis 1 r/hr. It canbe shownthat 1 r-km3/hr = 19.6-105Mev/sec.

Obviously, if the dose rate at a height of 1m over an ideally even surface
(uniform contamination) is ! r/hr, then the energy emitted from an area of
1 km? willbe A=0.11 r'km3/hr (from M(H=1m)= (K (h)dh=0.055km) or
~2.0-105Mev/(cm?.sec). "

Therefore, once the gamma-ray dose rate over a contaminated region
has been determined at some specific height # (for example, once the dose
rate at a height of 1m has been measured), it is easy to calculate the total
amount of matter (in energy units) in the region of interest, provided the
variation of the dose rate with height is known. In such calculations the
effects of actual conditions must be taken into account, by introducing the
appropriate corrections., In practice, all the corrections indicated above
should be used when determining the final value of My. For example, for
H =1m a value of My =80m is obtained when the effect of microrelief is
taken into account.

It is especially convenient to calculate the amount of matter in energy
units when determining the fraction of the fallout material (of all the
radioactive material produced) in a certain portion of the explosion
wake (or in the entire wake). This is because the amount of matter (in
Mev per second) produced during fission of a given type is a well-known
quantity, for any moment of time after the blast (see Section 1). The fractions of
the total matter in the wakes of the ''Danny Boy'' /188—200/, "Bravo" /21/,
and other explosions were determined in just this way.

If the average release of gamma-ray energy (in Mev/disintegration) is
known, as in the above example, then the activity of the gamma-emitting
matter (in curies) can be calculated from the amount of matter expressed
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in energy units., The volume concentration of contamination is related to
the dose rate above a three-dimensional source of uniform concentration as
follows:

U,U=NHPH. (114)

This expression is analogous to the one for a plane source. Let us now find
Ny for the case when Z=oo and o =7/2. First pe(h,7/2, ) is integrated
over height from 0 to oo:

e —te [ L g0+ L (14 F)+
0

e 1 T

where

E,(x) = | Ea(t)dt.
0

For energies from 0.5 to 2.0 Mev, the function

=3 ‘a 2
G(E)_ 2’ 1 (1+ 7E2'4>

is equal to unity, with an accuracy of 10 to 25%. For this same energy
range, and with the same accuracy,

oo = fow
yP (dh = ¢ (118)
0

Consequently, by analogy with formula (107), we can write

o = 25 (K (1) dh. (117)

]

Therefore, for a three-dimensional source,

NH=3:—°§K,", (hydn. (118)
0

Just as in the case of the quantity Ny for a plane source, the scatter of the

values of Ly for a three-dimensional source, for various energies (from

0.6 to 2.0Mev), is a minimum for heights from 100 to 150m. For

H =100m*

T

M)
Np = poly = py1.2-10° — /F (119)

(cmz- sec)

* In contrast to a plane source, to determine g, for a three~dimensional source, it is not enough just to
know Pv(h), It is also necessary to know py, thatis, the energy of the primary gamma emission,
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(with an accuracy of 10%) and

Un-100m = FK?oo(h)dh =: 300 — 320 m.
0

In all the foregoing formulas o, was expressed in units of energy. The
volume concentration of contamination can be determined in disint/(sec-cm3)
or curies/cm?® only when the isotopic composition of the radioactive
material making up the three-dimensional source is known.

If the activity of a three-dimensional source diminishes exponentially
with depth, then the volume density of contamination o, in the surface
layer of the soil may be found from the measured dose rate Pe(h), using
formula (72) (for known composition of contamination and penetration
coefficient),

On the basis of these data, we can now determine the stock (total amount)
g of a given isotope or group of isotopes per unit area (or in the region of
interest as a whole):

q=§°"oe_mdz= " (120)

In addition to the errors related to the effects of actual conditions, it is
very important to correct the readings for instrument errors of various
types. The principal errors associated with dosimetric analysis and
measurements in air (gamma-ray surveys with aircraft) are as follows:

1. Errors due to instrument inertia:

2, Errors related to the gamma-ray collector not being air-equivalent;

3. Errors due to anisotropy of the radiation detector (as a result of the
detector geometry, or of nonuniform shielding by the aireraft and the
instrument case).

Let us consider each of these types of errors individually,

1. If the instrument has a large time constant, distortion may be
introduced during measurements of the gamma-ray field in a region with
sizable contamination gradients. The error introduced by the time constant
v of the instrument can be corrected /201/ using the formula

dP

Pre= P+ a

(121)

provided the variation with time is exponential, where Pa and P are
the actual and measured dose rates, respectively,

However, for most surveys of radioactively contaminated areas,
these errors are not great. This is because the dose-rate variations
during a fraction of a second (that is, during a time comparable to the time
constant of the instrument) are negligible (less than 5 or 10% of the meas-
ured values) for flight speeds from 50 to 80m/sec. The smallness of
these variations is due to the large extent of the regions of radioactive
contamination.

2. In order to measure accurately the dose rate (in r/hr) in the air over
a site contaminated by radioactive products, the gamma-ray collector should
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be made of an air-equivalent material

Jb/-g having the same effective atomic number
\ as air (for E<2.5Mev, Z . for air is
40 g1\ L7 7.64 /12/). An example of a good air-
[N\ equivalent gamma-ray collector is a
0 / thimble chamber with walls of lucite,
) [T I\ bakelite, graphite, etc.
20 J NN v However, for most of the gamma-ray
detectors used in practice, the ratio of
0 I \(i — NN the detector readings (/) to the readings
/ 4 of an air-equivalent detector ( D) varies
¢ with the gamma-ray energy. This makes
0 002 00400707 02 04 807 EMeV it very difficult to obtain accurate dosi-
FIGURE 65, Relative-response curves for metric measurements when the spectral
most common radiation detectors: composition of the radiation is not known.
1) Nal (T1) crystal 25x 25 mm in size; Figure 65 shows the ratio J/D as a
2) counter with copper cathode; 3) Sakha- function of the gamma-ray energy (the
rov counter; 4) organic crystal. relative-response curve of the detector)

for the most common types of radiation

detectors. The curves are normalized

arbitrarily tounity for E=0.6 Mev, where
photoelectric effect and pair production are virtually absent.

Curves 4 and 1, corresponding to organic and inorganic crystals, were
plotted using the data of /12/, the quantity / being proportional to the
current at the output of the scintillation counter. Curve 2, for a Geiger
counter with a copper cathode, was plotted from data in /202/, and curve 3,
for a Sakharov counter (type 400-SBM-2, with a special case), was plotted
using data in /203/. For the counters, J refers to the counting rate, and
the ratio J/D is also normalized to unity for an energy of 0.6 Mev.

It is evident from Figure 65 that, of all the radiation detectors
considered, the ones closest to being air-equivalent over a wide energy
range are an organic scintillating crystal of small dimensions and the
Sakharov counter, which was developed specially for dosimetric purposes.

In order to evaluate the measurement errors caused by the detector
not being air-equivalent, it is necessary to know the spectral composition
of the gamma radiation at the height of the measurements. The latter
composition will differ considerably from the primary spectral makeup of
the mixture of radioactive isotopes making a large contribution to the
scattered radiation.

Let us assume that the relative-response curve —Z)—(E)=§(E) of the gamma-

ray detector (see Figure 65) and the spectral composition of the gamma
radiation over a surface are known. Then it is easy to determine the

ratio of the readings of an instrument with such a detector to the readings of
an air-equivalent instrument at a point over the contaminated surface:

EO
[ 1 (wohs Eo, EN-E(E)oq (E) dE
0

X(h, E) = —5 . (122)
[ I (b, Eo, E)l-04 (E)dE
[
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where J Q.to h, Eo, E) is the spectral composition of the gamma radiation

at a height 4 (including both scattered and unscattered gamma rays), and
0.(E) is the absorption coefficient
for an energy E in air,

x® Curves of x*(h, Eo) for organic
- 72 and inorganic crystals 25 mm thick
L] are shown in Figure 66, together
1 b : .
e y—— with curves for a Geiger counter
20 o 20 with a copper cathode. The curves
» pertain to different heights above an
- Zb isotropic plane source and to ener-
10 3b gies E of 0,5 and 1 Mev, For the
T = organic crystal the curves of y!(, E)
for heights from 1 to 200m stay
close to unity.

Using the data of Figure 65,
formula (122) can be employed to
FIGURE 66, Correction factor for detector that is calculate y* for the different kinds
not air~equivalent, as function ‘of hexg.ht, for of radiation detectors at various
dose-rate measurements above isotropic plane height b £ t inated
source, Curves pertain to different detectors: ?lg ,s a_ Ove & suriace contaminate

with fission products, for some

1) Nal (Tl crystal; 2) Geiger counter with hours after an explosion The

copper cathode; 3) organic crystal; curves a values calculated in this way for an

correspond to £,=0,5 Mev and curves b to . ,

1.0 Mev, organic crystal or a Geiger counter
with a copper cathode turn out to be
close to the values for E=1Mev.
Let us designate as «(4) the ratio

between height conversion factors K,(h) determined for air-equivalent

radiation detectors and detectors that are not air-equivalent:

4 50 00 750 hm

o(h) = Ky (M)]not air_ (123)
[Kl (h)]air

Figure 67 shows this ratio » as a function of height, for the different types
of radiation detectors (for E =1Mev).

11 ]
2
L] /
09 I— d
) 50 100 150 hm

FIGURE 67. Ratio of height conversion factors for detect=
ors that are not air-equivalent to factors for air-equivalent
detectors, as function of height:

1) for Geiger counter with copper cathode; 2) for air=
equivalent detector; 3) for organic crystal 25 mm thick,
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Naturally, corrections must also be introduced for detectors which are
not air-equivalent when determining the total amount of matter in a conta-
minated region. These corrections may be found as follows. The total
amount of matter is first computed using formula (113), from the data
obtained with an instrument having a radiation collector which is not air-
equivalent. Obviously, the measured values

P ()psand (L) = | 1Kn (B)]_cdh
[}

will differ from the actual values P(#) and Ly. For example, for H=1m
and an ideally even surface, an instrument with copper-cathode Geiger
counters gives the value E=64m for Ly=0.8Mev (instead of the value of
55m for an air-equivalent detector).

Let us designate as 4 the value calculated with formula (113). The
true value A can be found using the relation
A=A . Ln

ms

= : (124)

2 w(h
X, B) | Ky (9 S
0

where % (H, E) and w(#) are determined from Figures 66 and 67. For
example, for an instrument with copper-cathode Geiger counters, for

H =1m and E=1.0Mev, we obtain y*~ 1.4 and Ax~0.62 A, while for an
organic crystal (such as stilbene) x*~1.0 and A=Ap,.

3. Finally, let us consider the errors related to nonuniform shielding
of the radiation detector by the aircraft (or by other shields). For this, it
is necessary to know the spectral-angular characteristics of the gamma-
ray field at the point of measurement, as well as the amount the body of
the aircraft (and the instrument cases ) shield the detector for various
energies and directions.

We designate as Flgyh, Eo, E, 6, @) the gamma-ray distribution over an
isotropic plane source, as a function of the directions and energies.
Function ®(E, 8, p) represents the shielding by the aircraft (in polar coordi-
nates)., Function J{, &, Eo, E) is the spectral distribution of gamma-ray
intensity. The ratio of the readings of a real (air-equivalent) instrument
mounted on an aircraft to the readings of an ideal instrument with an
isotropic air-equivalent detector may now be expressed as

Eg2r n
§ [ [ea(®YF (wih, Eo,E, 8, @) @ (E, 8, @) dEdgdd
Janis 0 0.0 . (125)
J.. E
Is § 5 (EYUV (voh, Eo, ENIEE

Angle ¢ is reckoned in a plane parallel to the earth's surface, and angle 6
in a plane perpendicular to this.

As an example, let us make a rough estimate of Janis//is for optimum
mounting of a detector aboard one of the largest cargo aircraft which can
be used for air surveys of gamma radiation (the IL-14). The optimum
mounting position (from the point of view of minimum radiation shielding
by the aircraft) is assumed to be in the rear of the fuselage, with a
20 to 30cm detector opening in the hull of the aircraft, via a small port.
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A direction of ¢=0° is assumed to be the same as the direction of flight,
and 6=0° is in the direction of a normal to the earth's surface. For
simplicity, we write

D(E, 6, ) = e ® (126)

(that is, effects of multiple scattering in the aircraft body will be neglected),
#( E)is the linear attenuation coefficient for gamma rays of energy E in the
airframe, and r(6, ¢) is the linear effective shielding thickness in direction
6 9) .

Figure 68 shows a plot of r(8, ¢) as a polar stereographic projection for
the IL- 14 aircraft (for the upper hemisphere, with 6> m/2). Lines of equal
effective shielding thickness (isolines) are shown in mm aluminum. For
8<m/2, r(d ¢) =0. The data in the graph were calculated after careful
measurements of the corresponding shields on drawings of the aircraft,

The calculations were made for a primary gamma-ray energy E,=1Mev and
for heights A of 1 and 125m.,

250°

250° 2800 279° 260°

FIGURE 68, Effective shielding thickness in IL-14 aircraft, as
function of direction (8, @), for upper hemisphere (in mm aluminum),

The spectral-angular distribution F (uy#, Eo E, o) over an isotropic plane
source is describedin /169/, and for uy# =1 and E,=1Mev function F was
plotted back in Figure 30, Values of this function for E=0.3Mev are found
by extrapolating the available data. For E =0.1Mev the gamma-ray
distribution is assumed to be isotropic in space at the point of measurement.
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The overall shielding coefficients %(h) obtained in this way are:
1

0.95 for A=1m, and 0.89 for A=125m. The calculations show that for
heights from 1 to 100m the shielding by the aircraft decreases the readings
of the instrument by no more than 10 or 12% (during the calculations, in
cases of doubt the conditions corresponding to higher shielding effects were
always chosen)., The error in determining the height conversion factors will
be even less.

Consequently, in gamma-ray surveys over a contaminated area (using
aircraft), the most important source of error is the fact that the detector of
the roentgen meter is not air-equivalent,

In conclusion, let us note the main advantages (and disadvantages) of
making gamma-ray surveys using aircraft, in comparison with other means
of measuring the radioactive contamination of a locality. The chief
advantage of this method is the high rate at which information is gathered
from an extended territory. Other definite advantages are the averaging of
the data from each measurement over an area several hundred meters in
radius, and the absence of microrelief effects.

The optimum height for an air survey is from 100 to 150m, since the
variation of the dose rate with the primary gamma-ray energy is a minimum
for these heights. The disadvantages of a survey using an aircraft are:
relative complexity, the necessity for continuous monitoring of flight
altitude, and the need to correct the measurements for pressure and tem-
perature changes and for instrument errors.

15. Determination of surface density of contamination
by individual isotopes, according to gamma emission in air

A detailed study of the characteristics of the gamma-ray field of an
isotropic plane source (the field over a contaminated area) provides data on
the surface contamination by individual isotopes o, . as well as data on the
overall surface contamination o, . Such information may be very useful,
especially if values of o; are obtained together with values of ;. Then,
it is possible to determine the contribution to the total contaminations of
the gamma-emitter isotopes which present the greatest biological hazards
(such as I'3! and Cs!37), The contributions of most of these isotopes to the
total contamination cannot be determined by theoretical calculations alone,
since these isotopes undergo considerable fractionation (see Section 3), and the
error in the calculations may be greater than an order of magnitude.

Data on contamination of the earth's surface by radioactive fallout may
be obtained by collecting a great number of samples and then analyzing
them in the laboratory using scintillation spectrometers or radiochemical
methods /39, 200/. However, this method is laborious and time-consuming,
and it always leaves some doubt as to whether the samples collected are
representative for the area in question. The doubt arises because the area
of the sampled surface is, as a rule, a fraction of a square meter, while
the sample is supposed to represent a region several thousand square
meters in size. Radioactive fallout particles are distributed nonuniformly
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over an area [179/. In addition, individual parts of the soil and vege-
tation accumulate entire fission fragments and individuel isotopes differ-
ently /130/. Thus it is clear why averaging the measurements over a
large territory is so important.

Contamination measurements using a scintillation spectrometer mounted
aboard a plane or helicopter do not have these shortcomings. Such
measurements are operational, since during a short period an air survey
can cover an area of several thousand km?, A particularly valuable aspect
of an air survey is the averaging of the data over the flight-path region for
the time of spectrum exposure. However, a disadvantage of this method
is the need to introduce a greater number of corrections than in the case
of laboratory analyses. Another disadvantage is the impossibility of
obtaining reliable data on isotopes having their fundamental gamma-
emission lires at energies below 300 kev (for example, Cel4!, Cel#4, etc.),
for a mixture of fission products of any age.

The described method is justified in cases where there is a need for
determining rapidly the nature and degree of contamination created by a
transient source, Examples of such cases are the reactor accident at
Windscale /183/ and determinations of contamination characteristics for
surface /100/ and underground /100, 188/ nuclear explosions detonated in
the USA.

The measuring equipment mounted on the plane or helicopter is approxi-
mately the same as the complexdescribed backin Section 10, The mainpracti-
calproblem to be solved by airborne gamma-ray spectrometryistodetermine
the surface density of contamination by individual isotopes. For this, a
single-valued relationship must be found between the measured gamma-ray
spectra, obtained with an isotropic or shielded detector at a flight altitude 4,
and the characteristics of the contamination of the site,

The measured spectrum (the distribution of pulse amplitudes at the
analyzer output) is related to the true differential spectrum of the gamma
rays incident on the detector by the Fredholm integral equation /147/ (see
formula (75)inSection 11). The true spectrum of the gamma rays over a plane
source consists of an unscattered component, which produces Gaussian
peaks in the measured spectrum, and also a continuous distribution caused
by Compton scattering of gamma rays in air.

When the contamination of a site is due to several gamma-ray emitters,
it is difficult to separate their continuous distributions, in both the
measured and true spectra. At the same time, the photopeaks in the
measured spectra, corresponding to the unscattered component, are as a
rule readily resolvable, Therefore, for quantitative studies, the photopeaks
are the most useful parts of the measured spectra.

The true spectrum of the gamma rays incident upon the detector (number
of gamma-ray quanta in the energy interval) is

J{egh, Ey, E) = Jo(poh, Eg) O (E— Eo)+Js(ngh, E,, E). (127)

In this formula the spectrum is divided into a component of gamma rays
scattered in the air Js (44, Eo, E ) and an unscattered component J, {4, k, E).
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The integral

Eo
[ 7 (soh, Eo, EYAE = Jy 1ok, Eo) +
d
Eo
+ j-’s(l‘oh, E,, E)dE (128)
6

indicates the total number of quanta incident upon the detector. Now let

us substitute the values for k(E’, E) from Section 11 and the values for J(ugh, Eo, E)
from formula (127) into equation (75). A photopeak in the measured
spectrum is then described by the formula

Eo
Sph(l"‘oh’ E, E')= j‘uo (o, Eo) (E— Ep) X
0

X § g(E', 9P (E)S (E—E)e(E)dil dE (129)
0
or
Sopltat, E,, E"Y=g(E', E)n(Eo)Jo(reh, Ey), (130)

where g(E’, Eo,) is a Gaussian distribution about the energy E,, normalized
‘in such a way that

[ g(E, E)dE = 1;
0

and n(E,) is the photoeffectiveness of the spectrometer for a gamma-ray
energy E,, equal to the product of the total effectiveness times the photo-
contribution.

One of the multiplying factors in formula (130) is the intensity of un-
scattered gamma-ray quanta incident upon the crystal, a quantity depending
on the distance from the source. The number of quanta incident upon the
crystal will be affected considerably by the size, shape, and position of the
crystal.

NaI(T1) and CsI(T1) crystals are almost always made in the shape of
cylinders. When they are used on planes or helicopters, the crystals are
mounted so that their end faces are parallel to the earth's surface. Let us
designate as JI'JI the number of unscattered gamma-ray quanta (direct gamma
rays) per unit time that intersect a unit area lying parallel to an infinite
isotropic plane source at a height k. The medium is assumed to be homo-
geneous (air, in our case). It is not difficult to show that

N
Ji = S Ealph), (131)

where N, is the number of gamma-ray quanta of energy E, emitted by a
unit area of the isotropic source (per unit time).

121



Similarly, it can be shown that the number J; of unscattered gamma-
ray quanta per unit time passing into one side of a unit area lying perpen-
dicular to the source is

S A L (132)
ol

Let us designate the end face of the crystal as S, and the lateral face
as §). The contamination from the isotropic plane source is due to a
gamma-ray emitter with an energy £, and the contamination density is
No . Then, the number Jy of unscattered gamma-ray quanta passing through
the lower end face and lateral face of the crystal will be

Ju=%5,(poh)+ﬂ2ﬂ§5_i W pSht du. (133)
1.3 A u
[ 1

The conversion from the formula for an area perpendicular to the emit-
ting surface to the lateral side of a cylinder follows a definite law. This is
because the side can be replaced by the lateral surface of a parallelepiped
whose base is a polygon with a number of sides approaching infinity. The
intensity of the radiation incident upon each face of this parallelepiped is
determined by formula (132),

Formula (133) can be used to find the ratio of the effect of unscattered
gamma rays on a cylindrical detector to the corresponding effect on an
isotropic (spherical) detector.* If the diameter of the cylinder equals its
height, while the volumes of the cylindrical and spherical detectors are the
same, the ratio of the effects will be

Je __ Je 0y _
—J‘P - JSP
r e Y- poh?
0.79E¢ (poh) 4- 0.5 S————‘—— du
o i (134)
- . 3
E, (poh)

A curve showing Jc /s, as a function of the height u% is plotted in Figure 69
(curve 1). The same figure shows Je//sp (curve 2) and 51/lJsp (curve 3) as
functions of p 2. The ratio Ic/lsp is seen to be close to unity, especially
for k> 0.5 (it is around 0.9). Consequently, the fundamental equation
relating the density of surface contamination N, to the photopeak intensity
S (M h, E;) in the spectrogram, at a height 4 in air, can be written as

S
2

S{poh, Eg) = n(Eo)[ < Ea(poh) +

% et ut —ulpe
S . S Vewr N, (135)
2r I u?

* Assuming the spherical and cylindrical detectors are equally effective in recording gamma rays,
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Equation (135) shows the result of solving the direct problem, namely
calculating the counting rate in the photopeak of a measured gamma-ray
spectrum from the known density No of surface contamination of a locality
(in units of quanta/(cm?.sec)) and the gamma-emission energy E, of the
source.

A ,
2.9 =
0.8 st

2.7 ~

06 i

p—
L

0.5 ]

0.4 P ighaie E—— 7

o3~

0.2¢

o.7

0 25 1 M

FIGURE 69, Ratio of effects of cylindrical and spherical
scintillation crystals of equal volume, as function of
height above plane radiation source.

However, the main practical problem in gamma-ray spectrometry, for
studies of radioactive contamination using aircraft, is the reverse problem,
that is, to determine the density of the surface contamination o; by indi-
vidual isotopes {in curies/km?), from the measured gamma-ray spectrum
obtained at a flight altitude 4.

For an isotropic (unshielded) detector, the surface density of contami-
nation o; is given by the formula

_ S (#oh, Eo)F(hy ho, Eo)
%= Kz K (o  E) (136)

where S (y; &, E,) is the counting rate in a photopeak with an energy E,
(photopeak "intensity''), in a spectrogram obtained at flight altitude 4;

F(h, ko, E¢) is the coefficient of reduction of the photopeak intensity

S (uyh, Eo ) to a height h=ho, Kig, is the quantum yield of the gamma-emmision
line with an energy E,, for the ith isotope; K(ko, Eo} is a coefficient
representing the ratio between the intensity of a photopeak with energy Eo

at height 4, and the density of surface contamination by an isotope having

a gamma-emission line at energy E, and a quantum yield of unity.

The photopeak intensity S, #, Eo) can be found directly from an analysis
of the measured spectrum. It is equal to the ratio between the photopeak
area on the spectrogram and the exposure time of the gamma-emission
spectrum; this intensity is usually measured in pulses per second.

The quantum yield Kig, for a given gamma-emission line has a subscript
i, indicating that the photopeak at E, on the spectrogram pertains to
the ith isotope. Identifying the lines is a complicated operation,

-~
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2 closely related to the concept of the "age"

of a mixture of fragments (see Sections 1
70"3\ and 4). Forunidentified gamma emitters
E—;‘f the contamination density o, (in curies
.y per km?) can be determined only if
2 AY the quantum yield K is accurately
5 N\
= \ known,
'}5 NS Coefficient K (ko E;) can be deter-
5, k\ mined from measurements over a
~ contaminated surface or over an
~ area simulating a contaminated
w0’ ~{ locality. The coefficient for convert-
é 9\\\ ing the photopeak intensity S(u,#, Eo)
§ ) to the "standard" height h=#, will be
4 - equal to the ratio between the photopeak
0 a5 1 £ intensities at heights #, and &:
FIGURE ‘70. Phofopeak intensity (at 1330 kev), S (wahtas Eo)
as function of height, F(h, hy, E) = m . (137)

In practice, coefficient F(h, h, E) is

found from the experimentally deter-
mined curve for the photopeak intensity as a function of height [ see Figure
70]. This curve is obtained as follows. Successive runs are made by the
aircraft at different heights over the same part of the contaminated site.
Simultaneous recordings are made of the gamma-emission spectrum and
the gamma-ray intensity (dose rate) between specified reference points,
the flight altitude being recorded as well. It is advisable for the flight
path to be chosen over an area where the radiation-intensity gradient along
the flight path is small (this is always possible in practice).

Figure 70 shows data points for the photopeak intensity at an energy of
1330kev, as a function of height. The radiation detector was isotropic,
with an NalI(T1) crystal 100X 100mm in size. The calculated curve for
E, (u k) is also shown. The good fit between the experimental and calcu-
lated data indicates that when necessary the calculated curve can be used.

The standard height h, is selected sufficiently arbitrarily that the error
introduced into the measurement results may be kept minimal. Thus, this
height must be so chosen that the true flight altitude during the survey is
close to the standard height; consequently, F (k, hy, E;) should be close to
unity. For #> #4,, we have F> 1; conversely, for A< h, we have F< 1,

It follows from equation (136) that calibration coefficient K(fo, Eo) may
be written as

K(ho»Eo) — S (koht, Eo) F (B, ho, Eo) , (138)

o; Kig,

and for the standard height

S (oo, Eo)
K(ho; Eo)=#. (139)
Here, if the contamination density o, is in curies/km? and the photopeak
intensity is in pulses/sec, coefficient K(h, Eo) willbe inpulse-km? (curie-sec).
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As noted previously, to determine K(ho, Eo) experimentally, we must
have an infinite isotropic plane source with a precisely known contamination

density. With respect to this, flights with a spectrometer mounted aboard
a helicopter are useful. The flights are made over artificially contaminated

areas, such as the onesdescribed in Section 10, The values of K{(#y, Eo) so
obtained are calculated using formula (139).
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Appendix
GAMMA EMISSIONS OF PRINCIPAL FISSION~-FRAGMENT ISOTOPES

The gamma emission of a mixture of fission products at any time after the fission
may be characterized by an energy value related to the quantum yield per unit time
(the energy intensity of the gamma emission) or by the number of gamma-ray quanta
emitted during the time interval in question (the numerical intensity of the gamma
emission). *

Some other important characteristics of the gamma emission of a mixture of
fission products or of any individual gamma emitter are: the mean gamma-~emission

energy Ey , the total quantum yield per disintegration I?v, and the gamma-cmission

intensity per disintegration /y=TEyKy. In order to calculate these quantities for an
entire isotope mixture, data on the gamma emissions of the individual isotopes
making up the mixture are necessary, The most interesting such data are the
energies and the absolute quantum yields of the gamma-emission lines.

The table in this appendix lists the differential and integral gamma-emission
characteristics for the principal fission-fragment isotopes. The differential quantities
given are the energies Ey; and the quantum yields Ky; for individual gamma-~emission
lines of the isotope in question, together with the product of these, the differential
intensity of the ith gamma-cmission line Iy;= Ey;Ky; .

The integral gamma-emission characteristics for the isotopes were calculated
as follows: the gamma-emission intensity of an isotope having n emission lines in
one disintegration is

n n
I,= 21 E K, = 2; I (A1)
i= =
the total quantum yield is
_ n
KVZ'ZIKW; (A.2)
=3

* The number of gamma-ray quanta also includes the X rays ( K component)
emitted by the excited atom shell after the nuclear transformations,

5658 126



and the mean gamma-emission energy of the isotope is

I

= 4
E,V:‘fv—. (A.3)

The table gives the parameter for 125 isotopes, Each of these /49/ contributes
at least 0.1% of the total gamma activity of the entire mixture, over some period of
time beginning 1 hour to 100 years after fission (the mixture referred to is the
unfractionated mixture of fission-fragment isotopes).

The table can also be used to calculate and construct differential gamma-ray
spectra for the entire range of ages indicated, In addition, the table [see column 9]
contains data on the reliability of results obtained from such calculations, since
these are related to the reliability of the data on the decay schemes for individual
isotopes.

Column 1 of the table lists the isotope with its mass number. The position of the
isotope in the table is governed by the value of the mass number (lower mass numbers
first), Column 2 gives the half-lives, taken from /201 a/ for isotopes with 4<100
[where 4 is the mass number] and from /202 a/ for A= 100,

The energies of the gamma-ray quanta are given in column 3, In this column
are also shown the lines corresponding to mean energies of the X-ray K component,
for isotopes having significant internal-conversion coefficients for the K shell. The
mean K -component energies for these isotopes were taken from /203 a/, and these
entries in the table are indicated by the symbol X,. For some isotopes possessing
many gamma-emission lines, quantum energies corresponding to quantum yields
less than 1/50 of the yields of the predominant lines of the isotope are not included.

Column 4 lists the quantum yields for the gamma-emission lines, The quantum
yield K+; is the number of gamma-ray quanta leaving the shell of the daughter atom
during one decay of a parent nucleus. This definition is given here because, in most
general studies of decay schemes /166, 201a, 202a, 204,207/, the numbers of
nuclear gamma transitions with a given energy for one nuclear decay are given,
instead of the quantum yields, Consequently, for those isotopes having nuclear
transitions with experimentally determined conversion coefficients for the K and L
shells, we calculated the quantum yields of the K component of the gamma-
emission X rays. '

The following formulas are used to convert from the number of nuclear gamma
transitions ny; to the quantum yields:

n,w-
K,vi'— . Bi F1 H (A.4)
o, ————
Ki ﬁi
K= 3 Ko -9

where B; is the ratio of the conversion coefficient for the K shell to the sum of the

conversion coefficients for the L and M shells; o Ki is the internal-conversion
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coefficient for the given gamma transition for the K shell (ifocKl. for the gamma
transition is known, but not 8;, then the latter is assumed to be unity); and WK is
the fluorescence yield for the K shell, that is, the relative probability that
occupation of a free site in the K shell will be accompanied by the emission of

X rays, The values of W used were taken from /203 a/,

z+1)*

Beta=decay scheme for nucleus z4,

Sometimes absolute numbers of beta transitions, but only relative numbers of
the nuclear gamma transitions, were given in the literature. In such cases the
absolute magnitudes of the quantum yields for the gamma~emission lines were
calculated on the basis of knowledge of both these quantities from successive
equations, Let us illustrate this by an example.

The decay scheme of a nucleus Z4 (see figure) has known absolute numbers of
beta transitions to excited and ground levels of the daughter nucleus (Z+1*4; these
coefficients oy, oy, and oy are given in percent, so thatoy + o, + oz =100%,

It is also known that the relative numbers of nuclear gamma transitions are equal,
thatis, ny, : ny,: ny, =By: By By, On the basis of these data, together with the
transition scheme, we can write two equations:

K, (ﬁ,+[32)=0.01a1; (A, 6)
KaB3=0.0la; 4+ K,B,. (A.D)

The unknown quantities in these equations are the proportionality coefficients K; and
Kz . If the data on the beta and gamma transitions are inconsistent, then the follow=
ing relation must be satisfied:

K,=K, =K. (A.8)
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From this it is evident that the absolute numbers of gamma transitions, expressed in
fractions, are:

n‘Vl =Kpl;
n%=Kﬁ2; (A.9)
n'Va=K63'

The numbers of gamma transitions found using formulas (A, 9), including the conver-
sion coefficients, were calculated using formula (A, 4) for the values of the quantum
yields, which were also taken to be true,

The accuracies of the relative quantum yields given in the literature or calculated
by us were checked for 45 isotopes, To do this, the areas of photopeaks in the
measured spectra obtained in /208/ were compared, These spectra were taken with
a gamma-ray spectrometer having an NaI(TI) crystal 102 x 102mm in size, the
resolution of the spectrometer being 9.5%. The criterion for this check was satisfaction
of the relation

S1,. 8 S

K,cK,:K, « « . =—1——1———, .. A, 10
Y Y n 2 13 ? ( )

where S;, S;, and S; are the photopeak areas in relative units, taken from /208/;
and v;, 7., and ms are the photoeffectivenesses for a crystal 100 x 100 mm in size,
taken from /183/, All the isotopes for which the accuracies of the relative yields
were checked in this way have the number /208/ in column 10,

Column 5 of the table gives the products of the corresponding quantities in
columns 3 and 4, that is, the differential intensities of the individual gamma-
emmission lines (in Mev/disint), Column 6 lists the sums of the differential inten=
sities of all the lines for each isotope, that is, the gamma=emission intensity of the
isotope (in Mev/disint),

Column 7 gives the sums of the total numbers of gamma-ray quanta and X g rays
emitted by the isotope in one nuclear disintegration, Column 8 lists the mean gamma-=
ray energies for each isotope,

Column 9 shows the degree of reliability of the data cited, according to data on
the reliabilities of the quantum yields. The letters in this column indicate the
following: A means that the quantum energies and the absolute quantum yields (or
the absolute number of gamma transitions) are given in the literature; B means that
the gamma-ray energies, the absolute numbers of beta particles per disintegration,
and the relative numbers of gamma transitions are given in the literature; and C
means that the gamma-=-ray energies and quantum yields are either unknown or are
only relative to the number of gamma transitions, which have no relation to the
absolute numbers of beta particles, Finally, column 10 lists the references used.
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Differential and integral gamma=-emission characteristics for principal fission-fragment isotopes

[} e
L3z |2
Differential |[§ & >~ | & =
Encrgy of | Quantum ilnf:xe:ri]t 2 '% g“; ; : o3
Isotope | Half-life quanta yield o 4 ESeg, |2k EE References
E, . Mev | disint™ Vil 195 EElg g |E®z 2
Vi Mev/disint |= © &2 5 &~ |33 =
spf3 22T |63 3
EZER T 2E|G2 4 2
520 Z|2 G
SEZziE s iz &
Ses? 25 min 0.95 Nodata c 201a
0.176
0.061
0.04
Br® 2.3 hr 0.051 0.035 0.0018 0.0018 | 0.035 |0.051] B | 166, 201a, 209
Kroom 114 min 0.033 Very g | 166, 201a, 209
0.009 low *!
Bréd 31.8 min 3.93 0.14 0.55 B 2012
3.28 0.034 0.11
3.03 0.045 0.14
2.82 0.023 0.065
2.47 0.09 0.22
2.17 0.023 0.050
2.05 0.023 0.047
1.9 0.20 0.38
1.74 0.023 0.040
1.57 0.011 0.017
1.47 0.023 0.034
1.21 0.046 0.056
1.0t 0.11 0.1
0.88 0.56 0.49
0.81 0.10 0.081
0.74 0.039 0.029
0.6l 0.028 0.017
0.52 0.034 0.018
0.47 0.011 0.0052
0.43 0.028 0.012
0.35 0.017 0.0060
0.27 0.006 0.0016 2.48 1.61 | 1.54
Krosm 4.36hr 0.305 0.14 0.043 0.15 0.88 |o0.17| B 201a
0.149 0.74 0.11
Ky 10.3 years | 0.517 ~0.0065 0.0034 0.0034 | 0.0065 [ 0.52 | B 166, 201a, 208
Kre? 78 min 2.57 0.21 0.54
.05 0.04 0.082
(2),35 0.11 0.094 1.08 1.27 0.85 | B 201a
0.403 0.91 0.37
Krs 2.8Mr 2,4 0.35 0.84
1.55 0.14 0.22
5.8 52 o2 1.3 | 126 |1o7| B 201a, 209
0.191 0.35 0.067
0.166 0.07 0.012
0.028 0.07 0.002
Rbss 17.8 min 4.87 0.0029 0.014 B 201a, 209
3.68 0.0008 0.003
3.52 0.0023 0.0081
3,% 0.0029 0.0094
3.01 0.0029 0.0087
2.68 0.023 0.062
2.11 0.0093 0.020
1.85 0.207 0.38 0.64 0.39 |1.63
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o
58 13 fig
. e - |2 3
Energy of | Quantum l).lffereptlal SEF > | 52
. . intensity 28 . € [
Isotope | Half=life quanta yield Iy, £88 |2 EO References
Eys Mev disint ™! e |82 SES o EB.| 2
i Mev/disint |1, 6 &G 5 a_ [s5y| =
Ep 202 8y |ssE| F
EZEST S E|5c - 2
o ;L v |V -
SE223E 5% 5| &
1.39 0.012 0.017
0.908 0.13 0.12
Rbs? 15.4 min 3.52 0.022 0.077 B 20ia, 209
2.75 0.027 0.074
2.59 0.13 0.34
2.20 0.14 0.31
1.55 0.037 0.057
1.26 0.53 0.67
1.05 0.74 0.78
0.66 0.16 0.10 2.40 1.79 1.35
Sré? 50.5 days 0.915 ~0.0001 0.000! 0.0001 0.0001 | 0.915 A 166, 201a
S0 28 years | No gamma A 166, 201a
emission
Yoo 64.2 hr 1.734 ~0.0002 0.00035 0.00035 | 0.0002 | 1.734| A 166, 20ta
Srn hr 1.413 0.07+3 0.099 B 201a, 208
1.025 0.30 0.31
0.93 0.03 0.028
0.748 0,29 0.22
0.645 0.14(0.08) | 0.090 0.74 0.83 0.89
yam 50.3 min 0.551 0.94 0,52 0,52 0.94 0.551] B 166, 201a, 209
Yo 57.5 days 1.19 0.002 0.0024 0.0024 0.002 j1.19[ A 166, 201a, 208
Sre? 2.6 hr 1.37 0.90 1.23 B 20la, 208
0.44 0.04 0.018
0.23 0.035 0.0080 1.26 0.98 1.29
Yo 3.6 hr 2.4 0.002 0.0048 B 201a, 210
1.9 0.01 0.019
1.45 0.10 0.14
0.94 0.19 0.18
0.48 0.11 0.053
. 0.21 0.10 0.021 0.42 0.51 0.82
o .
Sr 8.2 min No data C 166, 201a, 209
o3 10.4 br 2.14 0.009 0.019
1.88 0.022 | 0.041 B 201a
1.40 0.010 0.014
1.15 0.005 0.0058
0.94 0.036 0.034
0.68 0.015 0.010 0.15 0.20 [o0.77
0.455 0.003 0.0014
0.265 0.097 0.026
Yo 16.5 min No data C 166, 201a, 209
Yo 10.5 min "o C 166, 201a, 209
Zros 65 days 0.757 0.43 0.32 A | 166, 201a, 209. 211
0.724 0.55 0.40 0.72 0.98 0.74
Nbesm 90 hr 0.231 Very low* B | 166, 201a, 209, 211
Nbes 35 days 0.768 1.0 0.768 0.768 1.0 0.768] A 166,0201a,1 208,
209, 21
Zrv? 17 hr 1.05 0.012 0.013 0.020 0.018 1.11| B 208, 212
1.15 0.006 0.0069
Nberm 60 sec 0.75 1.0 0.75 0.75 1.0 0.75§ A | 166, 201a,208, 212
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Ly = v
ff 1 2.z '28
Di entia b z s
Energy of | Quanum i;tfr:;it vn - ; - 8g
Isotope | Haif-life quanta yield I ¥ £8 _§ B ‘2 > é"‘é References
: isint™! i Vo s E o Bl &
By Mev | disint™ e |55 5|2 &L EFE 2
Ez X3S 87 [¥€2| 5
EZE3S 2 E|5c - =
sg2blio . 2l¥g g
CIYTZIE 8% [Zad| =
Nb#? 72.1 min 0.664 0.99 0.66 0.66 0.99 0.66 | A 166, 201a, 208
Mo?? 66.5 lir 074 0.14 0.104
0.37 0.01 0.0037
0.18 0 04 0.0072 0.12 0.25 0.48 1 A 166, 201a, 208,
0.142 0.063 0.0039 209, 213, 214
Teeem 6.04 hr 0.14 0.84 0.12
0.018 {\K] 0.038 0.00068 0.12 0.88 0.141 A 166, 20ta, 208,
209, 213, 214
Mot 14.6 min 0.704 0.054 0.038 201a, 202a, 208
0.590 0.045 0.026
0.510 0.06 0.031 0.10 0.25 0.40
0.080 0.10 0.008
Tci0t 14 min 0.545 0.076 0.041
0.307 0.95 0.29
0.130 0.024 0.0031 0.34 1.05 0.32] B 20ta, 202a, 208
Moo? 11.5min No data C 201a, 202a, 209
Tctoz 5 sce " " C 201a, 202a, 209
Rut03 39.4days 0.61 0.06 0 037
0.56 0.005 0.0028
0.495 0.90 0.44 0.48 0.96 0.50 | A 20la, 202a, 208
Rhtodm 56 min 0.02 0.065 0.0013 0.0013 0.065 0.0200 B 201a, 202a, 208
Rutos 4.5 hr 0.97 0.053 0.051 B 201a, 202a, 208
0.87 0.058 0.050
0.725 0.51 0.37
0.67 0.19 0.13
0.475 0.25 0.120
0.400 0.035 0.014
0.317 0.075 0.024
0.260 0.035 0.0091 0.77 1.21 0.64
Rhtosm 45 sec 0.13 0.17 0.022
0.020 [XK] 0.45 0.009 0.031 0.62 0.050| B 201a, 202a, 208
Rh1os 36.5 hr 0.31 0.1 0.031 0.031 0.1 0.31 | A 201a, 208
Ry 366 days | No gamma A 20la, 202a
emission
Rh100 30 sec 1.05%2 0.015 0.016 A | 201a, 202a, 208,
0.87 0.0043 0.0037 215
0.624 0.11 0.069
0.513 0,25 0.13 0.22 0.38 0.58
Rh1o? 21,7 min | 0.68 0,025 0.017 B 901a, 202a
0.57 0,013 0.0074
0.385 0,15 0.058
0.305 0,84 0.26 0.34 1.03 0.33
Pqroe 13.5 hr 0.77 0.0002 0,0002 A | 20la, 202a, 209
0.64 0.0002 0.0001
0.412 0.0002 0.0001
0.314 0.0002 0,0001 0.0005 | 0.0008 | 0.62
Agioem 4] .3 scc 0.088 0.037 0.0032
0.022 [XK] 0.35 0,0077 0.011 0.39 0.028 B 202a, 208, 209
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=3 = b &
oS R E2
Differential| § 2. > 22
Energy of | Quantum | : ) s 5~ |z
) i intensity {2355 |5 =5
Isotope Half-life quanta yield o\ E22. g AN .o References
Ey.» Mev disint ™! M Vid” f;“s s3l g 8 E%‘)Z =
[ ev/disint I WA T o'y “52 Z
IR
Sn o8~ el =
CEZZErsE|=ad] &
Agiti 7.6 days 0.340 0.08 0.027 A 201a, 208, 209
0.247 0.01 0.0025
0.023 (X ] 0.01 0.00023 0.030 0.10 |0.3
Pdm 22 min No data C 201a, 202a
Pgn2 21 hr 0.019 Very low B 201a, 202a
Agnz 3.2 Ir 2.83 0.011 0.031 B 202a, 208
2.54 0.019 0.048
2.11 0.062 0.13
1.83 0.031 0.057
1.62 0.062 0.10
1.39 0.10 0.14
1.090 0,023 0.025
0.615 0.77 0.47 1.00 1.08 | 0.92
Agus 5.3 hr 0.67 No data C | 201a, 202a, 209
0.58
0.30
0.27
0.12
Ag1s 21.1 min 0.138 0.18 0.025
0.227 0.91% 0.21 0,24 1,09 {022] B 202a
Cqusm 43 days 1.29 0.01 0.0129 1.0 B 201a, 202a, 208,
0.94 0.023 0.022 209
0.49 0.003 0.0015 0.036 0.036
Cdus 53 hr 0.523 0.25 0.13
0.49 0.12 0.059 B 202a, 208
0.26 0.019 0.0049
0.23 0.006 0.0014 0.20 0.40 | 0.50
Innsm™ 4.5 hr 0.335 0.47 0.16
0.024 [XK] 0.32 0.0077 0.16 0.79 0.21 | B 202a, 208
Cdram 3.0 hr fgg No data C | 20la, 202a, 209
1,53
1.27
0.281
0.267 .
Cd 50 min 0.425 No data C | 201a, 202a, 209
Inm 1.93hr | 0.311 0.096 0.030
0.161 0.21 0.034
0.024 [Xkl 0.10 0.0024 0.066 0.41 0.16 | B 201a, 202a
Int? 1.1 hr 0.565 1.0 0.56
0.161 0.87 0.14
0.024 [Xx] 0.09 0.0022 0.71 1.96 0.36 | B 20la, 202a, 209
Intte 17.5min*s | No data C | 201a, 202a, 209
Snt2 28.2 hr | Nogamma A 201a, 202a
emission
Snizs 40 min 0,153 0.84 0.13
0.097(Xx] | 0016 0.0043 0.13 1.0 | 0.13] B | 201a, 202a, 209
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o O =2 48
o3| d B2
) |8
Energy of [ Quantum D.lfferel?nﬂ K 5‘; £ 1 o3
. 4 2
Isotope| Half-life quanta yield m:eAnfuy E 88| 2% |E ° References
E, Mev | disint™? ii Poes s |ER. B
¥i Mev/disint | & 2 %05 &ov |53 28 =
EpOP S8, |Xe= B
EBED SBE|ES ™Y =
BE2 39E s =
S283 862 |5ad| &
Snizs 9.7days | 1.9 0.009 0.018
1.31 0.002 0.0028
1.07 0.038 0.041
090 0.012 0011 B 202a, 209
0.81 0.011 0.0089
0.47 0.004 0.0019
0.34 0.0028 0.00095 0.084 | 0.079 |1.06
Sbt2s 2.6 years | 0.637 0.067 0.043
0.595 0.255 0.15
0.463 0.09 0.042 B 202a, 208
0.427 0.29 0.12
0.377 0.011 0.0041
0.175 0.055 0.0096 0.37 0.77 |o0.48
Tetzsm 58 days 0.110 0.072 0.0079
0.036 0.0034 0.00012 B 202a, 208
0.028 [Xx] 1.4 0.038 0.046 | 1.42 | 0.032
Shizem 6.2 days 1.35 0.0!
1.10 0.05+s
0.90 0.10
0.69 1.0 C | 20ta, 202a, 209
0.42 0.26
Spi2e 18.8 min*’ 0.65 Nodata c | 20ta, 202a, 209
0.42
Smz? 2.05hr | Nodata C | 201a, 202a, 209
Sbe? 88 hr 0.772 0.22 0.17
0.463 0.49 0.23
0.310 0.054 0.017 B 201a, 202a
0.248 0.13 0.032
0.060 0.03 0.0018 0.45 0.92 |o0.49
Tet2m 105 days 0.665 0.00013 | 0.000086
¢ d 0.089 0.001 0.000089
0.059 0.005 0.00030 0.01 0.37 |o0.028 B 201a, 202a
0.028[X] | 0.36 0.010
Tet?? : 0,418 0.008 0.0033
¢ 9.3 br 0.360 0.001 0.00036 A 201a, 2022
0.059 0.0005 0.000030 | 0.0037 | 0.0095 | 0.39
Snt2s 65 min Nodata [ 201a, 202a, 209
Sbizem 10 min 0.75 Nodata c 201a, 2022
0.32
12
Sb 4.6hr | 078 Nodata C | 201a, 202a, 209
0,308
0.165
Terzm 4ldays |0.028[Xy] | 0.27 0.0076 0.0076 | 0.27 | 0.028 C 201a, 202a
2 i . 0.10 0.11
Tetst Tamin | 109 0.04 0.030 B | 201a, 2025, 209
0.46 0.15 0.069 0.21 0.29 |o0.72
130 N t C 201a, 202a, 209
gl\:ml gg rrr:‘?‘: Sdi a C 20ta, 202a, 209
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£EE 3 5 &
Differential | § & > | > 5‘5
Energy of | Quantum |, ) % 9 g s 3
. . intensity 298 ENSa e
Isotope| Half-life quanta yield I . Ea2g,. 2% |ES References
Ey Mev | disint™ o P gE s EB| £
i Mev/disint g Z‘E’D'G set %2 sl B
EGE3 52E |8 7 =
S Y o v
E38s S8 [0 &
Tetsim 30 hr 2.0 0.046 0.092
1.92 0.025 0.048
1.65 0.030 0.050
1.22 0.20 0.24 B 201 0
1.14 0.27 0.31 a, 202a
1.08 0.06 0.065
0.92 0.14 0.13
0.85 0.5 0.42
0.78 1.0 0.78
0.335 0.18 0.060
0.200 0.08 0.016
0.100 0.032 0.0032
0.80 0.014 0.011
0.028 {X k] 0.17 0.0048 2.23 2.75 0.81
Tett 94.8 min | 0.9 0.25 0.24
0.604 0.072 0.043
0.445 0.22 0.098 B 201a, 202a
0.147 0.34 0.050
0.020{Xxl | 0.075 0.0021 0.43 | 0.9 |0.45
3 8.06 days 0.722 0.01 0.0072
0.637 0.093 0.059
0.364 0.8 0.29 A | 201a, 202a, 208,
0.284 0.065 0.018 209, 216
0.080 0.023 0.0018
0.030[XK] 0.05 0.0015 0.38 1.04 0.36
Tets? 77.7 hr 0.23 0.91 0.21 B 202a, 208
0.053 0.16 0.0085
0.029[XK] 0.82 0.024 0.24 1.89 0.13
Jis2 2,29 hr 1.45 0.014 0.020
1.39 0.054 0.075
B se | g
.1 .051 0!
0.953 0.20 0.19 B 2008, 208
0.775 0.83 0.64 » 218
0.72 0.065 0.047
0.67 1.0 0.67
0.640 0.210 0.13
0.620 0.10 0.062
0.515 0.2 0.10 2.03 2.76 0.74
Terdsm 50 min Nodata C 201a, 2022
Tets3 2 min 1.0 0.7%8 0.7
0.6 1.0 0.6 1.3 1.7 Jom|© 201a, 202
133 20.9hr 1.3 0.04 0.052
1.24 0.02 0.025
1.05 0.01 0.010 B 202a, 209
0.87 0.09 0.078
0.71 0,02 0.014
0.53 1.0 0.53 0.71 1.18 0.60
Xetdsm 2.2 days 0.232 0.18 0.042
0.030 [Xx] 0.69 0.021 0.063 0.87 0.072| B 20la, 202a, 209
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. = = 2
. Differential | .2 §-3 >, cE)g
Energy of | Quantum intensity %8¢ g & |Lg
-1i i E23. 2% |E References
Isotope| Half-life qua::a d¥l~81[d-l Iy, - 5 o g o |E ?"“> z
Mev ' @l = =0 o =
By, o M€V st Mev/disint | £ b§°—5 s w% = &
Z2E3 88E|G: 1 =
s235 §25 1354 =
233 253 [2ad| &
133 5.65 da 0.160 0.016 0.0026
xe v 0.081 0.36 0.029 B 201a, 202a, 209
0.031 [X] 0.49 0.015 0,047 0.87 0.05
Ter® 42 min Nodata C | 201a, 202a
134 54 min 1.79 0.066 0.12
1.62 0.049 0.079
1.47 0.036 0.053
1.15 0.10 0.12
1.07 0.18 0.19
1.00 0.07 0.07 B | 202a, 209
0.89 0.74 0.66
0.848 1.0 0.85
0.76 0.055 0.042
0.69 0.073 0.050
0.61 0.20 0.12
0.53 0.084 0.044
0.41 0.082 0.034 2.43 2.74 |0.89
1135 6.75 hr 1.8 0.11 0.20
1.72 0.19 0.33
1.46 0.12 0.18
1,28 0.34 0.44 B 201a, 202a
1.14 0.37 0.42
1.04 0.09 0.094
0.86 0,11 0.095
0,42 0.069 0.029 1.77 1.40 1.27
Xe'3m 15,8 min 0.53 0.8 0.42 B | 201a, 202a, 209
0.031 [Xg] 0.15 0.0046 0.43 0.95 0.45
Xelds 9.13 hr 0.604 0.03 0.018
og | gon | o 5 | tne, 208,20
0.031 [Xk] 0.044 0.0014 0.25 0.98 0.25
Cgl® 30 years | Nogamma A 201a, 202a
emission
Bal¥m 2.57 min 0.661 0.89 0.59 B | 20la, 202a, 208,
0.033 [Xx} 0.072 0.0024 0.59 0.96 0.61 209
Xe!38 17 min 2.01 Nodata C 201a, 202a
1.78
0.51
0.42
Cs'38 32.5 min 3.34 0.005 0.017
2.63 0.09 0.24
2.21 0.18 0.40
1.43 0.73 1.04
1.01 0.25 0.25
055 | o0t | ooom B | 201a, 202a, 208,
0.46 0.23 0.10 209
0.41 0,03 0.012
0.23 0.12 0.028
0.19 0.01 0.0019
0.14 0.056 0.0078 2,12 1,73 1.22
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LB = v 2
- I %8
. . g o 2 Eo
58> | & 2
Energy of | Quantum D%ffter:rilal 2 §'; £z ?;:
Isotope| Half-life quanta yield n Ie SIYOEgg | EX £2 References
E, Mev | disint™ w PeEa| 38 (8§ 2
] Mev/disint |2 - ®2| Fo7 |&ig F
l See| 2o |80 &
EZ233| 523|851 %
CET 3| £6% |SaM &
Csl3e 9.5 min No data C 201a, 202a
Balds 82.9 min 1.43 0.003 0.0043
0.163 0.23 0.037
0.034 [XK] 0.049 0.0017 0.043 0.28 0.15] B 202a, 208, 209
Bal4o 12.8 days 0.537 0.25 0.13
0.430 0.055 0.024
0.304 0.040 0.012
0.162 0.073 0.012 :
0.0296 0.15 9.0044 0.18 0.57 0.32| B 201a, 202a, 208
Lai4o 40.2 hr 2,52 0.035 0,088
1.597 0.95 1.52
0.923 O‘Ogl 0.084
0.868 0.0 0.043
0.815 0.186 0.15 B | 201a, 2022, 208
0.748 0.043 0.032
0.491 0.40 0.20
0.323 0.20 0.065 2.18 1.96 1.11
Bat#! 18.3 min 0.61 15%8
0.46 20
0.37 40
0.28 45 C 202a
0.19 100
0.125 25
La! 3.85 hr 1.37 0.025 0.034 0.034 0.025 1.37 | B 202a, 209
Cett 32.5 days 0.145 0.47 0.068
0.037 [XK] 0.15 0.0056 0.074 0.62 0.12 | B 201a, 202a, 208
Bat? 11 min 1.68 0.3%6
1.36 0.3
1.20 3.5
1.08 1.0
0.97 1.5 ¢ 2023
0.89 4.0
0.08 3.0
Lam? 77 min 3.65 0.012 0.044
3.30 0.007 0.023
3.00 0.04 0.120
2.57 0.03 0.077
2.40 0.11 0.26
2.08 0.03 0.062 A 202a, 209
1.92 0.06 0.12
1.75 0.025 0.044
1.54 0.04 0.062
1.03 0.06 0.063
0.90 0.12 0.11
0.64 0.55 0.35 1.33 1.08 1.23
Laies 14 min 2,85 0.15%8
2.56 0.27 ’
2,46 0.13 c 202a
2.22 0.06
1.98 0.35
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L5 = y &
= o ° é’g
g g s o
5] > > 2
Differential[g & =~ £ - Ve
Energy of | Quantum . . 2 ¢ g 35 |=%
Isotope | Half-life quanta yield m}s""[y EE Sel g, Egc> > References
E, ,Mev | disint™ i’ %O el 35, |=s58 =
Y Mev/disint (E 2 22| J 8. |2£3] 2
EZES| E2E |52 =
7 ] L)
Szz| €53 2'§|w| &
1.70 0.19
1.58 0.28
1.17 0.57
1.07 0.26
0.915 0.08
0.80 0.44
0.62 1.00
0.44 0.13
Cett? 33.4hr 0.72 0.08 0.058
0.66 0.08 0.053 B 201a, 202a, 208
0.493 0.02 0.0099
0.29 0.43 0.12
0.057 0.063 0.0036
0.037 [Xg] 0.70 0.026 0.27 1.37 0.20
Pru3 13.6days | Nogamma A 201a, 202a
emission
Celst 284 days 0.134 0.150 0.020
0.08 0.016 0.0013 B 202a, 208, 220
0.036 [XK] 0.13 0.0047 0.026 0.296 | 0.08§
Pri¢ 17.3 min 2.18 0.0068 0.015 A 202a, 208
1.49 0.0029 0.0043
0.695 0.0149 0.010 0.029 0.025 {1.16
Priss 5.98 hr [Low quant=- B 20]a, 202a
um yields
Cetee 13.9 min 0.32 6.65 0.21
0.27 0.078 0.021
0.22 0.32 0.070
0.142 0.27 0.038
0.110 0.13 0.014 0.353 1.45 0.24] B 202a
Prts 24 min 1.49 0.33 0.49
0.75 0.11 0.082
0.74 0.1 8.081 2024
0.46 1.0 .46 1.1 1.55 0.72 (B: 2012, 202a)
ppiv? 1.95 min Nodata
Nd'#? 11.3 days 0.69 0.01 0.0069
0.533 0.125 0.067
0.442 0.020 0.0088
0.413 0.007 0.0029
0.400 0.016 0.0064 A 202a, 208
0.322 0.032 0.010
0.277 0.014 0.0039
0.091 0.282 0.026
0.039 [ X ] 0.335 0.013 0.14 0.84 0.17
Pm'#? 2.64 years 0.121 0.000034 0.0000041 10.0000041| 0.000034| 0.121] A 201a, 202a
Ndrss 1.8 hr 0.65 g]+e
0.538 78
0.424 687
0.326 3.
0.266 53 C 202a, 208
0.211 180
0.155 22
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s‘: 5 = [} g '
S 8 2 48
o = k= g9
. o119 B, ol 5 2
Energy of | Quantum Differential iz g ot E > ?—)“6
- 1i . intensity @ © 2 ~
Isotope | Half-life quanta }rl.eld1 Iy . ?,: 2B S¢ E B » References
Ey , Mev disint™ [ w © b2l 8.8, c0 Y =
i Mev/disint |g§ z 85| Z&F sog FH F
EZES|SSE |S2 13
<822 358 |28 & g
V2T EHST [Ead x
0.114 143
0.08! 4
0.038[X,] | 220
Pm4 53.1 hr 0.85 0.006 0.005!
0.58 0.003 0.0017
0.285 0.075 0.021 0.028 0.084 [0.34} A 202a, 209
Ndtst 12 min 2.17 0.0033 0.0072
1.75 0.015 0.026
1.29 0.018 0.023
1.17 0.078 0.091
0.735 0.056 0.041
0.595 8.056 0.033
0.434 .078 0.034 B 202,
0.426 0.078 0.033 a, 209
0.318 0.056 0.018
0.305 0.078 0.024
0.256 0.294 0.075
0.175 0.078 0.014
0.139 0.294 0.041 0.55 1.94 0.28
0.117 0.54 0.063
0.107 0.215 0.023
Pmtst 28.4 hr 0.715 0.035 0.025
0.645 0.015 0.0097
0.44 0.042 0.018
0.34 0.152 0.051
0.275 0-04 0.012
0.24 0.036 0.0086 B | 202a, 208, 221
0.165 0.086 0.014
0.10 0.049 0.0049
0.065 0.03 0.0020
0.041 [Xk] 0.32 0.013 0.16 0.805 | 0.20
Sm!st 93 years 0.175 0.0053 0.00093 i
0.155 0.0106 0.0016 0.0026 ] 0.016 |0.16 | B 209
Smts3 47.1hr 0.103 0.34 0.035 '
0,07 0.052 0.0036 B 202a, 208, 219,
0.042 [Xk] 0.57 0.024 0.063 0.96 0.066 222
Smss 21.9 min 0.246 88?(3)4 g.g(l)ss
0.141 . 001
0.105 0.74 0.078 A 202a, 209
0.042 [XI(] 0.18 0.0076 0.103 0.99 0.104
Eutss 1.81 years 0.105 0.16 0.017
0.086 0.32 0.028 B 202a, 208
0.044 [XK] 0.21 0.0093 0.054 0.69 0.078
Sm1se 10hr Nodata - C | 201a, 202a, 209
Eu'st 14 days 2.184 0.064 0.14
2.098 0.036 0.076
2.026 0.029 0.059
1.966 0.053 0.104 A 202a, 223
1.937 0.023 0.045
1.877 0.022 0.041
1.366 0.015 0.020
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L5 o -
Differential| £ & | & 53
Energy of | Quantum . v o E - L
. X intensity |<£ g § =34 S o
Isotope | Half-life quanta yield I E22, |&kx g References
S | v .= E|cw E b 2
E, +Mev disint P LUl i -9 AR ]
i Mev/disint Exds|Z8T |®c=2 Z
gt — 5 = c o £
EZE£3 (825 [ge 1 2
S E'% 0 s |o -
SeZz(Cs8 [F2u &
1.242 0.061 0.076
1.231 0.092 0.113
1.154 0.056 0.065
1.153 0.057 0.066
1.065 0.061 0.065
0.961 0.028 0.025
0.867 0.015 6.013
0.812 0.092 0.075
0.72 0.056 0.040
0.646 0.065 0.042
0.60 0.015 0.009
0.199 0.007 0.001
0,089 0.084 0.008
0.044 [Xkl 0.108 0.004 1.09 1.04 1.05

* 1 Isotopes with "very low" in column 4 have parameters close to those of isotopes listed as having "no
gamma emission.” These isotopes thus have "B" in column 9.

«? According to data of /208/, for the Ey=0,645Mev line, k,=0,08,

*3 Quantum yields for 1,05-Mev and 0.87-Mev lines taken, according to data of /208/, from comparison
with K 4=10,25 for line with £,=0.513 Mev,

Low reliability of quantum=yield value,

Half-life of In'® uncertain,

* & Only relative number of gamma transitions known,

* 7 Half-life of Sb** uncertain,

L Reliability of data very low ("C" in column 9),

x4
.5
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Detector visibility, direct, 77
Displacement of particles, horizontal, 24
Distribution

distribution over, 100
regions, 88 ff
Contamination
of soil, 25
surface, 67
surface density of, 109, 110, 119 ff,
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Explosion
"Bravo", 13
“Danny Boy," 112
thermonuclear, 12
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F
Fallout
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D-model of, 24
mathematical model of, 21 ff
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processes leading to, 26
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restricted, 20
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dose rates, 103 ff
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Fractionation coefficients vs. particle size, 36
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Fredholm integral equation, 120
Fringe effect, 74

G

Gamma emission above three-dimensional
source, 70
average energy of, 9
average quantum yield of, 9
dose rate of, 48
Gamma emission from isotropic plane
source, distribution of, 63
Gamma-emission intensity, numerical, 9
line spectrum of, 10 ff
fission products, 7
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Gamma emission, variation with time, 8
field of three-dimensional source, 67 ff
Gamma quanta, angular distribution of, 64
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source, 62
ray absorption, 48
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Gamma-ray attenuation, degree of, 103
factor, 50
collector, 96
Gamma-ray concentration, surface, 109
Gamma-ray energies, mean, 129 ff
energy flux, 48
intensity, 48
Gamma-ray quanta
energies of, 127 ff
numerical intensity of, 8
total numbers of, 129 ff
unscattered, 122
roentgen meter, 72
spectrometer, 72
Gamma-ray spectrometry, 38
airborne, 120
Gamma-ray spectrum, photopeak of,
122 ff
Gamma rays, true spectrum of, 120
Gamma transitions, 127 ff
Gauss's law (distribution of yields in
mass chain), 30
Gaussian distribution, 121
Geiger counter, 115, 117
Ground irregularities, correction for, 94 ff

Half-lives, 127 ff
"Hardtack" tests, 14
Height conversion factors, 58, 59, 107,
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for detectors that are not air-
equivalent, 116
Height for air surveys, optimum, 119
Helicopter, 72 ff
spectrometer aboard, 120, 125
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Instrument inertia, 114

Interface
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Ion pair production, 109
Isodose contours in wake of nuclear
explosion, 22
Isotope
biological availability of, 37
fractionation, 28, 29
mean gamma-emission energy of, 127
Isotopes
fission-fragment, gamma emissions
of, 126 ff
gamma-emitting, 2
stock of, 114
total amount of, 114
Isotropic plane source, 57 ff
distribution of gamma emission from, 63
dosage factors for, 60
dose rate for, 57 ff
gamma radiation above, 62
Isotropic point source, dose rate for, 50

LK

"Jangle-U" test, 25
King function, 67

Law, Gauss's, 30

Raoult's, 33
Line spectra of gamma emission, 10 ff
Lines, differential intensities of, 129 ff
Lithium deuteride, 2

Mass chain, 29 ff

high-melting elements in, 31
Matter in the region, 111

total amount of, 112, 117

152




Melting point in fireball, time to reach
the, 28
Microrelief, 91 ff
correction for, 95 ff
dose rate in presence of, 94
effect on emission, 94, 97 ff
shielding by, 96
Mixture activity, time change in, 4
age, 5
Model of fallout
artificial, 71 ff
mathematical, 21 ff
Model of local fallout, dynamic, 24
Monte~Carlo method, 52, 53, 55
Moscow agreement, v
Mushroom cloud, 23

Pair production
electron-positron, 47
single ion, 109
Particle ascent, 23
Particle size, fractionation coefficients
vs., 36 :
Particle velocity, vertical, 23 .
Particles, horizontal displacement of hot,
43
Penetration coefficients for soil, 44, 46
Photoeffectiveness of spectrometer, 121
Photoelectric effect, 47
Photopeak conversion coefficient, 124
intensity vs.height, 124
of gamma-ray spectrum, 122 ff
Plane, scintillation spectrometer aboard,
120
Plane source
isotropic, 57 ff
distribution of gamma emission,
63
dosage factors, 60
dose rate, 57 ff
gamma radiation, 62
Plowed field, 97

Point source
isotropic, 49
dose rate, 50
Poisson distribution, 102
Processes leading to fallout, 26
Pulse-amplitude distribution, 81

Q

Quanta energies of gamma-ray, 127 ff
Quanta incident upon detector, total
number of, 121
sums of total numbers of gamma-ray,
129 ff
Quantum yield
of gamma-emission line, 123, 124
total, 126
Quantum yields
relative, 129
reliability of, 129 ff

Radiation
“hard”, 10
"soft", 10
spectral function of incident, 81, 82
unscattered, intensity of, 70
Radioactive chain, 3
Raoult law, 33
Rayleigh scattering, 47
Reaction threshold, 13
Reactor accident, Windscale, 120
Reliability of quantum yields, 129 ff
Response curve, relative, 89, 96, 104, 115
function for detector, 81
Roentgen meter, 89, 96
gamma-ray, 72
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Sampling, 38
Scattered radiation, accumulation of
energy of, 48, 49
Scattering
coherent, 47
Compton, 47, 120
Rayleigh, 47
Scintillation detectors, 72
gamma-ray spectrometer, 45
spectrometry, 38
spectrometer aboard a plane or
helicopter, 120
Seawater, 16
"Sedan" test, 42, 44
"Shaded" regions, 92
shield, 72, 73
Shielding by forest cover, 104, 105
microrelief, 96
Shielding by soil irregularities, elimination
of, 104
coefficients, 119
thickness in aircraft, 118
Simulating area, spectra over, 76 ff
Simulation of fallout, 71 ff
"Small Boy" test, 66
Soil
contamination, 25
penetration coefficients for, 44, 46
Source
isotropic plane, 57 ff
isotropic plane, distribution of
gamma emission from, 63
isotropic plane, dosage factors, 60
isotropic plane, dose rate, 57 ff
isotropic plane, gamma radiation
above, 62
isotropic point, 49 ff
isotropic point, dose rate, 50
three-dimensional, 67 ff
three-dimensional, dose rate, 68, 69
Sources, finite and infinite, energy
intensities for, 73
Spectra, line, 10 ff

Spectral function of incident radiation, 81,
82
Spectrometer, airborne, 120, 125
direct matrix for, 83
gamma-ray, 72
inverse matrix for, 83
photoeffectiveness of, 121
scintillation gamma-ray, 45
Spectrometry
airborne gamma-ray, 120
scintillation gamma-ray, 38
Spectrum of gamma emission above three-
dimensional source, 70
Spectrum of gamma-rays
photopeak of, 122 ff
true, 120

T

"Teapot” test, 65, 66
Test
"Bravo”, 18, 22, 66, 112
"Danny Boy", 112
"Jangle-U", 25
"Sedan", 42, 44
"Small Boy", 66
Tests, "Hardtack”, 14
Thermonuclear bomb, 1
explosion, 12
Three-dimensional source, 67 ff
dose rate for, 68, 69
spectrum of gamma emission

above, 70
Threshold, reaction, 13

Time change in mixture activity, 4
constant of instrument, 114
of ascent of cloud, 24
Tracers, 14
Transitions
beta, 128
nuclear gamma, 127, 128
“Trigger”, 1
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U,V Y

Unscattered radiation, intensity of, 70,73  Yield of fission-product, 14
Velocity, vertical particle, 23 Yield of fragment isotopes, cumulative, 6
quantum, 127
average, 10

w relative, 129
reliability of, 129 ff
Water as air equivalent, 50 total, 126

dosage factors for, 50, 51, 54
Windscale reactor accident, 120
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